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1. Chapter 

Introduction 

1.1 Diesel engine particulate matter 

Better fuel economy and less carbon dioxide production per driven kilometer are 
advantages of the diesel engine compared with the gasoline engine [1]. Especially 
in Europe much focus has been put on fuel-efficient vehicles [2]. Indeed sales of 
diesel passenger cars are rising all over the world, and so is the awareness of 
health problems associated with particulate matter (PM) from diesel engine 
exhaust gas [1]. Diesel exhaust PM consists of carbonaceous soot particles 
carrying toxic compounds [2] suspected of causing a variety of health problems: 
Asthma, persistent bronchitis and lung cancer [1]. Nano-scale soot agglomerates 
can penetrate the human lung tissue, since the human body is not protected from 
particles roughly smaller than 10µm [1]. In the last thirty years, a reduction by 
over ninety percent of diesel engine PM has been obtain through introduction of 
new technologies [3], and the coming years legislation demands further reduction 
in diesel vehicle exhaust pollutants, especially for PM. In Europe a stepwise 
reduction of exhaust pollutants has been introduced (table 1.1). 
 

 Year CO HC+NOx NOx PM 
Euro 1 1992 2.72 0.97 - 0.14 

Euro 2, IDI 1996 1.00 0.70 - 0.08 
Euro 2, DI 1996 1.00 0.90 - 0.10 
Euro 3 2000 0.64 0.56 0.50 0.05 
Euro 4 2005 0.50 0.30 0.25 0.025 
Euro 5 2009 0.50 0.23 0.18 0.005 
Euro 6 2014 0.50 0.17 0.08 0.005 

                     Table 1.1: EU emission standards for passenger cars [g/km] [4]. 

For the gasoline engine complete removal of the three main exhaust pollutants, 
hydrocarbons, CO and NOx has been accomplished by introducing the so-called 
Three-way catalyst [2]. This catalyst system is unfortunately not efficient for the 
diesel engine, because of larger amounts of oxygen in the diesel exhaust gas [1,5]. 
Computer controlled injection has been a successful way for reducing pollutants 
of the diesel engine, but this is not enough to meet the coming standards [2,5]. 
The Euro standards (table 1.1) thus impose a challenge for the car manufacturers 
to be able to meet the limits of tomorrow. 

1.2 Particulate filters and regeneration 

To meet the Euro standards for diesel PM, European car manufacturers have 
announced future use of catalyzed diesel particulate filter (DPF) systems on their 
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vehicles [1,3] and already filters are seen on heavy-duty vehicles and on passenger 
cars [1]. Very efficient DPF’s are today available [3,6-8] and the major 
technological challenge is now the regeneration of these filters [3,5,7,8].  

Catalytic soot oxidation is an obvious strategy for filter regeneration [5-6,9-
11]. This can be carried out passively, or actively by periodic control of the 
exhaust gas temperature [1-3,5]. While passive regeneration is sufficient for 
heavy-duty vehicles [1], active regeneration is necessary for passenger cars 
because of low average exhaust temperatures (~140°C-250°C) [1] in comparison 
with typical temperatures for catalyzed soot oxidation (~200°C-400°C ) [12]. A 
DPF with a catalyst coating is the preferred strategy in most diesel exhaust PM 
reduction projects [1-3] although other strategies are also followed, such as 
introducing the catalyst directly into the soot particles via the fuel [1,3]. 

1.3 Overview of previous work 

Studies for half a century of soot oxidation have underlined the complexity of the 
topic. From early studies it is known that soot agglomerates are complex chainlike 
structures consisting of nano-scale spherical soot particles mostly composed of 
hydrocarbons [13-16]. Diesel PM is complex and its characterization is further 
complicated by the fact that soot agglomerates have varying characteristics 
depending on engine type and driving conditions [7,13,14,16]. Conclusive results 
have been difficult to obtain concerning the particle structure and especially 
concerning particle formation, so the debate and the research is ongoing [17,18].  

Studies of the degree of physical contact between soot and catalyst shows 
that soot in so-called tight and loose contact mixtures are oxidized at very 
different rates [9,11,19]. Models for kinetics and mechanisms for non-catalytic 
and catalytic soot oxidation have been proposed [6,10-12,18,20-31]. Some kinetic 
models assume the so-called shrinking core model where soot particles shrink 
layer by layer as carbon is removed while other models incorporate a pore-
structure [7,12,21]. For some catalysts it has been demonstrated that soot is 
primarily being oxidized by catalyst lattice oxygen [10,11,23,32], and recent 
studies conclude that certain catalysts are able to oxidize soot, not only in the 
catalyst-soot interface, but a distance from this by a so-called spill-over effect 
[6,26]. Screening studies have proposed catalyst candidates [9] which is optimized 
in other studies [10,11,20,23,26,27].  

It seems that next generation diesel controlling systems will be able to meet 
the next pollution limits, but further optimization can bring the temperatures for 
catalytic soot oxidation further down to provide better fuel economy and a more 
environmentally friendly car park. 

1.4 Motivation 

Catalytic oxidation of graphite [33-37] and of carbon deposits [38] have been 
studied with Environmental Transmission Electron Microscopy (ETEM), but to 
the author’s knowledge catalytic soot oxidation has not until now been studied 
with this technique. The reason is properly that ETEM facilities still are rare, and 
not that the technique is found unsatisfactory for the subject. On the contrary 
ETEM is most likely a very strong technique for studying the mechanisms of soot 
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oxidation since nano-scale reaction dynamics can be monitored by time-elapsed 
ETEM images [33-37,39-45]. 

This project intends to clarify how ETEM can be used in the study of 
catalyzed soot oxidation. The goal is not to record beautiful images, but to deliver 
quantitative results. Today most suggestions for catalytic soot oxidation reaction 
mechanisms rely on indirect observations from averaging techniques e.g. [6,10-
12,18-21,23-27]. As ETEM provides direct nano-scale observations, a goal for 
this study is to obtain new knowledge concerning the catalyzed soot oxidation 
reaction mechanisms. A CeO2-catalyst was chosen in this study, since it has 
shown promising catalytic abilities toward soot oxidation, and it has for this 
reason gained much interest [5,10,12,20,25-27,29,32,46-49]. 

1.5 Outline 

Chapter 2 briefly introduces the general principles of Environmental Transmission 
Electron Microscopy and describes the ETEM setup used in this study. In chapter 
3, a description is given of how the experiments and the measurements are carried 
out. The chapter also describes the used materials.  

Even though the focus of this study is catalytic soot oxidation, chapter 4 
focuses on the non-catalytic reaction. The aim in chapter 4 is to become familiar 
with effects of the non-catalytic reaction mechanism, so that these are not 
confused with effects of the catalytic reaction mechanism. The main results of this 
study are presented in chapter 5. Here the dynamics of the CeO2-catalyzed soot 
oxidation reaction is presented by time-elapsed ETEM images. As will become 
apparent, high resolution ETEM studies of the soot-catalyst interface is a natural 
next step for understanding the catalytic oxidation mechanism. Chapter 6 
discusses the possible interface mechanisms and presents preliminary results from 
high resolution ETEM experiments of the soot-catalyst interface. 

The main results presented in this study depend on the reliability of 
temperature measurements. Chapter 7 describes how the ETEM temperature 
measurements were evaluated, and the chapter also focuses on the importance of 
minimizing the effect of the electron beam during the experiments. The thesis 
ends with a summary of the results. 
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2. Chapter 

Environmental Transmission 
Electron Microscopy 

This chapter will give a short description of the most important principles of 
Transmission Electron Microscopy (TEM) and to the imaging theory relevant for 
high and low magnification TEM study of soot (or carbon black) and CeO2. The 
experiments in this study were performed in a CM300 FEG TEM (FEI Company) 
equipped with an environmental cell for in situ studies, and an overview of this 
microscope will be given. The chapter will end with a description of 
Environmental Transmission Electron Microscopy (ETEM) with focus on the so-
called differential pumping system and the heater holder used in this study. 

2.1 The TEM principle 

The Transmission Electron Microscope (TEM) is, analogous to the optical light 
microscope, forming 2-dimensional images of a 3-dimentional sample. The 
resolution of the projected images is limited by the wavelength of the probing 
wave, which excludes e.g. atomic resolution for light microscopes (~400-700nm 
for visible light). Atomic resolution can however be obtained in a TEM where 
electrons are accelerated through high voltages. This is possible since the electron 
wavelength, λ is inverse proportional to its momentum, p described by the de 
Broglie equation [50-52], 
 

2.1                   
p

h
=λ  

 
In a TEM, the intensity and focus of the beam of accelerated electrons is adjusted 
by electromagnetic lenses, which can be considered as thin, convex lenses. The 
objective lens is the first lens after beam sample interaction, and this lens creates 
an enlarged real space image and a diffraction image of the sample (fig. 2.1). The 
diffraction image is created in the back focal plane of the lens, because a convex 
lens will focus parallel rays in a single spot in this plane. The real space image is 
created, because a convex lens ideally focuses rays from a single point, A in the 
object plane, into one point, A’ in the images plane (fig. 2.1). 

Two operation modes are characteristic for TEM: image and diffraction 
mode, illustrated in figure 2.2. When operating in image mode, the image plane of 
the objective lens is identical with the object plane of the diffraction lens, and the 
resulting image on the viewing screen is an image of the sample in real space 
(fig.2.2). In diffraction mode, the object plane of the diffraction lens is shifted to 
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the back focal plane of the objective lens, and the result is a diffraction pattern on 
the viewing screen (fig. 2.2) [50,51]. 

 

                             
Fig. 2.1: Illustration of the creation of a real space and a diffraction image of the sample 
by the objective lens. 

 
Fig. 2.2: Illustration of electron rays for the two characteristic TEM operation modes, (a) 
image mode and (b) diffraction mode.  
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Being charged particles, electrons interact strongly with the sample and a thin 
sample is needed (below ~1µm, dependent on the sample material) [50,51]. Most 
electrons are scattered elastically, if one ignores low energy losses for phonon 
creation. The energy lost by in-elastically scattered electrons is converted to x-
rays, secondary electrons, Auger electrons, electron-hole pairs, cathodolu-
minescence and plasmons [50]. After interaction with the sample, intensity 
differences in the electron beam are monitored by the viewing screen or with a 
CCD-camera as projected images of the sample. 

2.2 Imaging theory 

Figure 2.3a-b presents TEM images of carbon black and CeO2. The contrast in 
these images, typical for the present study, can be explained as phase contrast and 
mass-thickness contrast.  

Phase contrast theory explains high resolution phenomena in the images 
such as CeO2 lattice fringes and the fringes surrounding the particles. The 
mathematical formulation is based on Fraunhofer diffraction were the incident 
beam is assumed to be a planer uniform wave: ( ) ( )rkr ⋅= iAexpψ . The sample is 
assumed to be a so-called weak phase object, WPO. In this approximation the 
sample is thought to be so thin that its interaction with the electron beam can be 
described by the projected scattering potential of the sample, Vp where higher 
order terms of the projected potential are ignored (kinematical scattering). The 
image contrast results from interference of transmitted and scattered waves 
leaving the sample, ignoring Fresnel diffraction within the sample. Using the 
WPO approximation, the equation for a scattered wave is simplified to [50], 
 
2.2      ( ) ( )rr pViσψ −≈1  
 
where σ is an interaction constant which depends on the beam electron mass and 
wave length. The intensity of the electron beam leaving the sample is then 
described with respect to phase contrast by the following equation [50]: 
 
2.3   ( ) ( ) ( ) ( ) ( ) ( )( )( )uuurrr χσψψ sin21 1 EAFVI p

−∗ ⊗+≈=  
 
where F-1 is the inverse Fourier transform, u is the spatial frequency, A(u) is the 
objective aperture function, E(u) is the envelope function and χ(u) is sometimes 
called the phase distortion function [50]. While the first part of equation 2.3, 2σVp 
describes the interaction between the electron beam and the sample, the last part 
describes the imaging process of the electron beam. This term is called the 
contrast transfer function (CFT) when the WPO approximation is applied [50] and 
is described in the following. 
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                             a                                                                  b 

Fig. 2.3: (a-b) TEM images of CeO2 and carbon black (CB). In (a), the distances of 10 
lattice fringes are marked for different sets of planes.  

The phase distortion function describes the influence of objective lens defocus 
and aberrations. It is given to first order in one dimension as [50], 
 

2.4       ( ) 432

2
1

uCufu sλπλπχ +∆=  

 
where ∆f is the defocus and Cs is the spherical aberration constant. Spherical 
aberration, which is a lens defect, and defocus of the objective lens is therefore 
important parameters for image formation. Additional parameters are temporal 
and spatial incoherency of the beam, described by the envelope function, E(u) and 
the effect of objective aperture, described by A(u).  

The CFT is plotted in figure 2.4 with parameters characteristic for the FEI 
CM300 and the so-called Scherzer defocus, which is an optimization of the 
defocus value, ∆f by balancing the effect of spherical aberration against the 
defocus [50]. The function oscillates giving the maximum image contrast at 
CFTmax and no contrast when CFT = 0. Rows of atoms can appear as bright or 
dark lattice fringes depending on the sign of CFT [50]. Below the point resolution 
(defined as the first crossover in the CTF, see figure 2.4) direct interpretation of 
high resolution TEM images of weak phase objects is possible, meaning that in 
this region all atoms will appear dark on a bright background. The point resolution 
at Scherzer defocus for the FEI CM300 is given as [50]: 
 

2.5          nmCr sSch 21.066.0 4
3

4
1

== λ  
 
Information of higher spatial frequencies is however available. The information 
limit (defined as the highest spatial frequency transferred through the imaging 
lenses, see figure 2.4) is a result of E(u), describing the spatial and temporal 
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incoherence, dampening the CFT. In the region above the point resolution, one 
must be careful when interpreting the images, because the atoms may appear dark 
or bright depending on the sign of the CTF. 
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Fig. 2.4: The contrast transfer function is plotted for one dimension (black). The 
parameters used are characteristic for the FEI CM300 microscope: V = 300kV, Cs = 
1.4mm, Cc = 2.0mm, Energy spread = 0.6kV, Convergence = 0.3mrad, ∆fSch = -67nm The 
bottom x-axis is given as spatial frequency and the top-axis is given in real space. The 
temporal (red), spatial (green) and the total (blue) envelope is presented and the point 
resolution and the information limit are defined. The grey vertical lines denote the lattice 
space distances for a CeO2 crystal with indices [hkl], and the black vertical line denotes 
the interplanar sheet distance in the graphitelike structure in soot or carbon black 
particles. 

Figure 2.4 shows which of the CeO2 lattice distances it is possible to resolve using 
the FEI CM300. Especially the first two lattice distances, [111] and [200], should 
be resolvable as they are positioned below the point resolution. In fact the first 
three lattice distances are recognized in figure 2.3a. Lattice distances shorter than 
the lattice distance [400] can on the other hand not be monitored, since they have 
higher spatial frequencies than the information limit.  

As described in the next chapter, soot particles are built of stacks of graphite 
like sheets. The inter-planer distance between these sheets is marked in figure 2.4 
with a black vertical line below the point resolution. This means that the sheet 
structure in soot (or carbon black) particles can be monitored as intensity 
differences in the particles. A Fourier transform of figure 2.3a reveals that the 
characteristic distances in the carbon black area matches the typical distance 
between layers in the graphite like sheets. 
 
At lower magnification lattice fringes are not visible and phase differences in the 
beam rays play a minor role for the image contrast. Here it is advantageous to use 
the particle model for electrons. We can think of the electrons, as particles been 
scattered by the scattering potential of the sample. Sample particles with a large 
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scattering potential will appear darker than particles with a small scattering 
potential. The sample scattering potential depends on the mass and the thickness 
of the sample: Thick samples or samples with high atom number, Z will appear 
dark compared with low-Z and thin samples. Mass-thickness contrast theory 
explains the overall intensity differences in the low magnification TEM images 
e.g. in figure 2.3b: CeO2 crystals will generally appear darker than soot or carbon 
black particles because of the larger mass (ZCe = 58, CC = 6). As said, the mass-
thickness contrast theory focuses on the sample scattering potential i.e. the first 
part of the expression for the beam intensity (equation 2.3). To first approximation 
the mass-thickness contrast, C can be described as [50], 
 
2.6        tQeC ∆−−=1  
 
where Q is the total elastic scattering cross section specific for the sample 
material, and ∆t is the thickness of the sample [53]. 
 

 
Fig. 2.5: (a) TEM image of a carbon black particle with a marked area from an averaged 
line scan. Scale bar = 10nm. (b) Calculated values for intensities (grey) and average 
values from the averaged line scan (■) are presented as a function of distance from the 
carbon black particle centre. The measured and calculated intensities are normalized in 
the vacuum region far from the particle (x = ~30nm). 

The relation between the sample thickness and the image contrast is visible in 
figure 2.3b where overlapping carbon black particles appear darker than particle 
not overlapping. Single carbon black particles do however look more or less 
equally dark from centre to edge, even though they are known to be 
approximately spherical [13,16]. To convince oneself that the particles can be 
interpreted as spherical using mass-thickness contrast theory, an averaged 
intensity line scan through the TEM image in figure 2.5a are compared with 
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intensity values calculated from equation 2.6 (Appendix A). The area of the scan 
is shown in the image. The comparison shows that even though the carbon black 
particle looks flat, it can still be interpreted as a spherical particle according to 
mass-thickness contrast theory (fig. 2.5b) (In the comparison, the fact that there is 
a linear relation between the intensity differences and the energy of the incoming 
electrons when using a CCD, was used). Mass-thickness contrast theory can 
however not explain the high intensity peak (at x = 20nm in figure 2.5b) which is 
a so-called Fresnel fringes appearing in all under-focused images. The Fresnel 
fringes appear for abrupt potential differences in the sample and is explained as a 
phase contrast phenomenon [50]. Another phase contrast phenomenon seen in 
figure 2.5a is the apparently grained surface of the carbon black particle. This 
structure is seen in TEM images of amorphous materials. Careful inspection of 
figure 2.5a reveals the finer graphite like structures in the particle which was also 
seen in figure 2.3a. In the TEM images, the carbon black (or soot) particles 
therefore appear as a partly amorphous and a partly graphitized material. 

2.3 TEM experimental setup 

An overview of the CM300 FEG TEM (FEI Company) microscope is now given, 
ignoring the gas pumping system which is described in the next section.  

2.3.1 The electron source 

The CM300 (fig. 2.6a) has a field emission gun (FEG) which gives high beam 
brightness (high current density per solid angle), high temporal and spatial 
coherency and longer life time compared with other gun types [50,51]. The 
electron gun consists of a tungsten cathode from which electrons are extracted by 
applying an electric potential difference between the cathode tip and an anode. 
The electrons tunnel through the barrier of the work function specific for the 
tungsten tip [50,51]. Unfortunately the FEG tungsten cathode tip gets unstable by 
adsorbed gasses since adsorbents change the tip work function. For this reason a 
FEG requires ultrahigh vacuum (~10-9mbar) [50,51].  

After extraction, the beam electrons are accelerated by a second anode using 
high tension characteristic of the gun. For the CM300 the acceleration voltage 
accelerates the extracted electrons to an energy of 300keV. 

2.3.2 Lenses and Apertures 

An overview of the several lenses and apertures used in the CM300 is presented 
by figure 2.6b and their individual functions are described as follows. 

The condenser system consists of two condenser lenses that creates a 
condensed and parallel beam [50]. The operator controls the spot size (first 
condenser lens) and intensity (second condenser lens) with the condenser lenses. 
Also the condenser system apertures are used to control the intensity and spot size 
of the beam [54]. 

The CM300 magnification system consists of a SuperTWIN objective lens, 
a minicondenser lens, a diffraction lens, an intermediate lens and two projector 
lenses. The operator can focus the image using the objective lens. A cross-over in 
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the front focal point of the objective lens is created by the minicondenser 
producing coherent illumination of the sample [54]. The function of the 
diffraction lens has already been explained (section 2.1). At the back focal plane 
of the objective lens, where a diffraction pattern is formed, the objective aperture 
can be inserted to enhance contrast by blocking of scattered electrons. In the 
image plane of the objective lens where the first real image is formed, the 
selected-area aperture can be inserted to control the sample area from which a 
diffraction pattern is recorded [51]. The diffraction pattern or the real image is 
magnified by the intermediate and the projector lenses. 

All lenses are electromagnets with soft magnetic material pole pieces 
surrounded by a copper wire coil. That a magnet can bend an electric beam and 
thus act as a lens is described by Lorentz force law. 
 

   
                               a                                                                          b  
                                                                                                     Illustration (b) from [54]  
Fig. 2.6: (a) Photo of the CM300 FEG TEM (FEI Company) microscope. (b) Overview of 
lenses and apertures on a FEI CM microscope. 

2.3.3 Detectors  

The viewing screen (fig. 2.6a) acts as the primary detector and is a plate coated 
with a ZnS scintillator. When lifting the viewing screen, the beam is send further 
down the microscope column to meet one of two detectors: A Tietz F114 Fastscan 
CCD or a Gatan imaging filter (GIF2000). The GIF and Tietz camera detect the 
electrons by a CCD coated with a YAG (Y3Al5O12) or a phosphor scintillator 
respectably. In this study, most images are recorded with Tietz system because it 
is capable of creating images from low intensity beams which is important in 
many in situ experiments. 
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2.4 ETEM 

While TEM has been used mainly for ex situ studies, Environmental Transmission 
Electron Microscopy (ETEM) allow observations to be obtained of the structural 
evolution of samples in situ during exposure to reactive gases and elevated 
temperatures [34-36,38,39,41-45]. The major challenge when constructing an 
ETEM is to avoid degradation of the spatial image resolution resulting from 
scattering of the electron beam by the gas molecules in the microscope column 
[42,45]. The aim is therefore to minimize the gas volume along the column. The 
CM300 microscope used in this study, is equipped with an environmental cell for 
in situ studies and was in fact the first ETEM microscope capable of resolving 
distances below 0.2nm [45] (best resolution at elevated temperatures = 0.14nm 
[41,42]). For the CM300, the gas volume is controlled by use of a so-called 
differential pumping system. This section describes the gas pumping system of the 
CM300 and the heating holder used this study. 

2.5 The gas pumping system 

Since gasses in the microscope column will scatter the electron beam obstructing 
the atomic resolution and since the FEG requires ultrahigh vacuum, it is necessary 
to pump down the microscope column (to ~10-7mbar for conventional TEM) and 
the FEG area (to ~10-10mbar) [50]. To pump down the FEI CM300 column, an oil 
diffusion pump is running continuously (capable of pumping from ~10-3 – 10-
10mbar) and is backed up by a molecular drag pump (capable of pumping from 
~103 – 10-3mbar). Three ion getter pumps (active for pressures below ~10-6mbar) 
are installed near the FEG.  

The CM300 can be operated in two different modes, as a conventional TEM 
or as an ETEM allowing a gas into the microscope using a differential pumping 
system. When operating in the conventional TEM mode, an ion getter pump is 
connected to the sample level to measure and pump down the gas near the sample. 
When operating in ETEM mode, this ion getter pump is disconnected and a 
number of additional pumps are connected. 

An illustration and a photo of the differential pumping system is presented 
in figure 2.7a-b, and the following description refers to this figure. A steady flow 
of gas is let into the sample area from the gas inlet system. The gas pressure is 
ramped down from the gas flask pressure (~50-100bar) over the in situ box 
(~500mbar) into the microscope gas inlet. Here the gas is introduced into the 
sample area through a needle valve, adjusting the final pressure (up to 15mbar) 
[42]. Two apertures, a enclose the sample volume that corresponds to the cell 
where the sample is exposed to the reactive atmosphere. From this cell, gases can 
diffuse away through the apertures. A molecular drag pump is connected to the 
area between apertures a and b. This area makes up pumping level 1. The 
diameter of the aperture a is 0.2mm which is the half of the diameter of b [42]. 
Pumping level 2 is evacuated by a turbo molecular pump which is connected to 
the upper part of condenser aperture C2. In the upper part of the column (pumping 
level 3), an ion-getter pump is connected above condenser aperture C1. Two 
further ion getter pumps are operating in the FEG area above pumping level 3. 
The result of the combination of different pumping levels and differences in 
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aperture diameters, is that the pressure drops gradually from the sample area and 
up (and down) the column [45]. In this study, typical gas pressures during in situ 
experiments were ~2.0mbar, ~10-2mbar, ~10-5mbar, ~10-9mbar for the sample area 
and the three pumping levels respectively. The gas flow through the system is ~5-
10mL/min [42]. 

A quadropole mass-spectrometer is installed and connected to the in situ 
cell, so that the partial gas pressure can be measured during experiments. 
 

 
                                a                                                                       b 
Fig. 2.7: (a) Illustration of the differential pumping system [42] and (b) photo of the in situ 
gas inlet system. 

2.6 The heating holder 

In this study, a Gatan Single Tilt Heating Holder 628 was used (fig. 2.8a-b). The 
temperature was controlled by a Gatan Model 901 SmartSet Hot Stage Controller.  
 

  
                                 a                                                                           b 

Fig. 2.8: Photos of the Gatan heating holder tip. 
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The Gatan 628 holder is specially designed to elevate the temperature of samples 
and surrounding reactive gases. As other heating holders, its construction 
materials are chosen to minimize the drift of the sample during heating, but this 
particular holder was chosen because its materials remain stable when exposed to 
an oxidizing atmosphere at elevated temperatures. A platinum filament is used as 
heater element and is placed inside an Inconel cup, which acts as support for the 
metal TEM grid and as a heating furnace (fig. 2.8). To measure the sample 
temperature a thermocouple is spot-welded onto the cup. The cup is suspended by 
zirconia spheres to isolate it thermally from the frame of the holder. The 
maximum temperature of the holder is ~900ºC depending on the surrounding gas 
[55], which is sufficient for the ETEM experiments in this study (carried out in 
the temperatures up to 600ºC). 
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3. Chapter 

Experimental details 

This chapter gives background knowledge for the ETEM study of CeO2-catalyzed 
diesel soot oxidation. An explanation of the choice of the materials used in this 
study (soot, carbon black, catalyst, gases and TEM grids) will be given along with 
a description of these. Details on the ETEM experiments and data analyses will be 
given and focus will be put on a major challenge when analyzing dynamical effect 
using ETEM. I will call this problem, the projection problem. Finally, error 
calculations will be considered. 

3.1 Diesel soot and carbon black 

To become familiar with the basic characteristics of diesel soot, a few general 
remarks based on previous studies, will here be given. 

Soot particles from diesel engines are formed in a complex pathway: During 
combustion, unsaturated hydrocarbons form into polycyclic structures which are 
small graphite like sheets [1,13,15,29]. These sheets stack together to planar 
crystallites [1,16,17,29] with an inter planer distance of 0.34 - 0.36nm [16] that 
form the building blocks in spherical soot particles which again coagulate to form 
chainlike structured agglomerates [16,29].  

Figure 3.1a-b presents TEM images of diesel soot agglomerates consisting 
of spherical soot particles. Note that in the following chapters, particles will 
always refer to the spherical particles mentioned above, and agglomerates will 
always refer to a number of coagulated particles as described above. The spherical 
particles have a diameter of 20 – 50nm [13] depending on fuel injection timing 
[56]. Their structure are described as a 10nm core with and outer shell of planer 
crystallites oriented perpendicular to the particle radius [16,17]. The main 
constituents are carbon and up to ~10% hydrogen [13], but the particles also 
contains traces of other elements that exist in diesel fuel e.g. oxygen, nitrogen, 
sulfur, zinc, phosphorus, calcium, iron, silicon and chromium [6,16]. 

As the exact composition and structure of real diesel soot varies with motor 
characteristics such as engine load, speed and temperatures, it is difficult to obtain 
a reproducible soot standard for oxidation experiments [6]. To be able to 
reproduce and compare oxidation experiments, it is common to use a model soot 
carbon black (CB) that is comparable with real diesel soot [6]. An example of a 
commercial CB is Printex U which has a similar structure and composition to real 
diesel soot [5,16,19,21] (fig 3.1c). For this reason Printex U is used in many 
studies as a substitute for real diesel soot [6,19-21,25,26] even though differences 
between real diesel soot and Printex U have been reported in the literature: One 
study shows that real soot particles can have hollow interior after oxidation while 
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Printex U does not have such [7]. Another study concludes that real diesel soot is 
oxidized catalytically at lower temperatures than Printex U [5]. 
 

    
                        a                                              b                                              c 

Fig. 3.1: TEM images of (a-b) diesel soot and of (c) the CB, Printex U 

Despite the differences between Printex U and real diesel soot, in this study 
Printex U from Degussa GmbH was used as model soot. This choice makes 
comparison of the presented results with results from other studies possible. Note 
that in the following chapters, the model soot Printex U will always be referred to 
as CB. In a few experiments real diesel soot are used for comparison. The diesel 
soot was produced under varying driving conditions in a Citroen C3 with a 1.4L 
HDI engine. 

In the following chapters, shrinkage of soot particles during oxidation will 
be considered. For this reason it is useful, shortly to describe two models for the 
shrinkage of soot particles during non-catalytic soot oxidation: One model is the 
so-called shrinking core model [12], where the spherical soot particles are thought 
to shrink as layer by layer of carbon is removed from the outer particle surface 
and thereby reducing the total surface area during oxidation. In this model the 
carbon layers are peeled from the soot particle as shells are peeled from an onion. 
Alternatively, a porous shrinking model has been suggested, where occluded 
micro pores are opened, enlarging the total surface area during oxidation [12,21]. 
In this model the soot particles are oxidized in the particle interior simultaneously 
with oxidation processes at the particle outer surface. While the shrinking core 
model is the simplest when describing the kinetics of soot oxidation and fits 
roughly with experiments, an enlargement of surface area has also been found 
experimentally [21]. 

3.2 The CeO2 catalyst 

In this section a few general comments on the catalytic properties of CeO2 will be 
given to provide as back ground knowledge for the present study of CeO2-
catalyzed soot oxidation. 

CeO2 has a fluorite structure [47,48] with a calculated lattice constant of 
5.43Å [48] presented in figure 3.2. The figure also list lattice plane distances for a 
number of lattice planes with indices [hkl]. The catalytic effect of CeO2 is 
suggested to result from its high oxygen mobility at low temperatures, and from 
its large oxygen storage capacity [12,32,46,47,49]. CeO2-catalyzed soot oxidation 
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has gained much attention lately [9,10,12,20,23,25-27,32,44,46-49], especially in 
combination with other oxides [10,20,27], metals [6,23,24,26] or with gas phase 
NO2 [25,27], and CeO2 will probably be part of future commercial diesel soot 
oxidation catalysts in DPFs. This is the reason for choosing CeO2 as catalyst in 
this study. The CeO2 used, was produced as described in [57]. 
 
               

 

lattice plane [hkl]     plane distance [Å] 
111 3.12 
200 2.71 
220 1.91 
331 1.63 
222 1.56 
400 1.35 
331 1.24 
420 1.21 
422 1.10  

                     a                                                                                    b 

Fig. 3.2: (a) Illustration of the CeO2 unit cell and (b) table value for the first nine lattice 
distances. 

3.3 Degree of physical soot-catalyst contact 

Results, such as apparent activation energy, Ea or maximum rate temperatures, 
Tmax,rate from studies of catalytic soot oxidation have been reported to be 
influenced by the degree of contact between catalyst and soot particles [9,19,29]. 
Samples prepared with a spatula is said to have loose contact and show lower Ea 
and larger Tmax,rate than samples prepared with mills and mortars which are said to 
have tight contact [9,19,29]. Results, e.g. Ea or Tmax,rate, from studies with tight 
contact conditions are the easiest to reproduce. Loose contact is however the most 
realistic contact in comparison with results from engine bench tests [19]. 

In the present study, the sample was mixed powders of CB and CeO2. The 
CB-CeO2 ratio is 1:10 by volume, e.g. 1 spatula of CB powder was added to 10 
spatulas of CeO2. The two powders were mixed using a mortar manually for at 
least one minute. This study represents a special case concerning the degree of 
physical soot-catalyst contact: Using ETEM the operator can choose to carry out 
measurements only on CB particles in physical contact with the catalyst and 
ignore particles far from the catalyst. Therefore the ETEM measurements 
represent the perfect tight contact conditions, contrary to all other experiments 
known to the author. When comparing measured values, e.g. Ea, from this study 
with values from other studies, it must be expected; that values measured in 
ETEM fits better with results from studies of tight, than of loose, contact 
mixtures. 

3.4 TEM grid types 

After mixing, the samples were dispersed dryly on TEM grids. In all ETEM 
experiment a stainless steel grid was used. The choice of grid was based on a 
number of parameters important for carrying out oxidation experiments at 



  18 

temperatures up to ~600ºC. One parameter is thermal conductivity, which is 
important because the grid should conduct heat from the holder furnace to the 
sample. Another parameter is electrical conductivity: An isolating grid would be 
charged by the electron beam, which can result in disturbing motions because of 
the repulsive forces between the charged grid and the microscope electron beam. 
Finally, the grid should be stable at elevated temperatures, and the operation 
temperatures should be significantly lower than the melting point of the grid 
material (~1300-1400ºC for stainless steel). 

Cu grids with a carbon film were sometimes used when doing conventional 
TEM. When using this grid type, CB or real soot were dispersed in ethanol and 
ultrasonically treated to separate the agglomerates. A sample droplet was 
introduced onto the grid. The grids were allowed to dry in atmospheric air. The 
Cu grid was chosen when studying the CB/soot agglomerate chain structure, 
which is easier when the agglomerates are spread over a carbon film, than when 
they stick to the edge of a grid bar. An example of an image recorded using a Cu 
grid with a carbon film is seen in figure 3.1b.  

Both the Cu and the stainless steel grid have diameters of ~3mm and fit into 
the TEM holder furnace. 

3.5 Gases 

The oxygen used in the ETEM experiments was 99.998% O2 with possible traces 
of Ar, He, H2, N2 and with <3ppm H2O. A mass spectrometer was used to roughly 
check the purity of the oxygen. An example of such a measurement is presented in 
figure 3.3.  
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Fig. 3.3: Partial gas intensity in the ETEM in situ cell measured with mass spectrometer 
during CB oxidation experiment. The intensity was not calibrated. Mass numbers and 
corresponding gasses are inserted. The x-axis presents the temporal development of the 
experiment: 11:00 Mass spectrometer turned on while in conventional TEM mode. 11:30 
2mbar O2 let into the ETEM in situ cell. 12:40 Starting to heat sample. 13:10 Temperature 
= 500°C. 13:45 Temperature = 600°C 18:00 Letting gas out of the ETEM in situ cell. 

The inert gas traces (N2 and He) will not affect the soot oxidation, the H2 near the 
sample will be oxidized when raising the temperature and even though H2O is 
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known to have an effect on the soot oxidation [27] the amount in the gas is 
negligible. Reference experiments were carried out in N2, evaporated from liquid 
state. As mentioned in section 2.4 a pressure up to 15mbar can be obtained in the 
microscope in situ cell. It was however decided to carry out the experiments at a 
lower pressure to obtain better spatial image resolution. 

3.6 Recording ETEM images and movies 

Images and movies were recorded in 512x512 or 1024x1024 pixels using the 
Tietz or Gatan CCD. The typical exposure times were 0.5s – 1s. 

Elevating the temperature in a gas environment imposes certain challenges 
when recording data in an ETEM. One of these is sample drift which occurs 
during temperature ramping because of thermal expansion of the materials in the 
holder. Ramping from 0ºC – 600ºC results in a sample displacement of ~8microns 
[55] which corresponds to ~11nm/s at a ramping rate of 50ºC/min, which is the 
usual ramping rate used in this study. As consequence, the drift is too large to 
record images at the typical exposure times while ramping, and one has to ramp 
the temperature and wait for the drift to stop before starting to record. Typically, 
sample drift can not be fully avoided even after hours of waiting. For this reason 
longer exposure times will reduce the spatial resolution of the images. Shorter 
exposure times, on the other hand, demands a high beam intensity to be able to 
obtain the desired image contrast. The intensity of the beam is however kept as 
low as possible, to minimize effects of the beam on the sample. 

If it is necessary to record while ramping, a much lower ramping rate than 
the usual has to be chosen. This was e.g. the case in one experiment where the 
ramping rate was ~2ºC/min which corresponds to a drift of ~0.5nm/s. 

The CB-CeO2 sample will undergo dynamical changes when exposed O2 at 
elevated temperatures as a result of the oxidation process. Recoding ETEM 
movies will often be the preferred way to monitor these changes. This is simply 
done by successively recording a large number of ETEM images with constant 
exposure time and constant or no waiting time in-between.  

To minimize the effect of the beam it is sometimes preferred, not to record 
movies, but to monitor the dynamical changes by only a few images. The beam is 
then shifted away from the sample area of interest, in the waiting time between 
acquiring the images. The disadvantage of this method is that one can only make 
assumptions of what has happened in the time interval between the recorded 
images.  

3.7 Data analysis 

The software Image-Pro Plus was used to measure distances and areas in the 
ETEM images. Before every measurement the software measuring tool was 
calibrated with the scale bar on the TEM image by manually measuring the length 
of the image scale bar with an Image-Pro measuring tool and typing in the length 
of the scale bar in the Image-Pro calibration menu. Examples of measured 
distances are shown in figure 3.4. The white marks in the figure show the 
measured distance between a feature on a CB particle and a feature on a CeO2 
particle.  
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                       a                                              b                                              c 

Fig. 3.4: (a-b) ETEM images showing the measured distance between a CB particle and 
a CeO2 edge. The white bars indicate the measured distances at two different times in an 
oxidizing environment. (c) TEM image of CB particles. The red lines mark how selected 
particle perimeters were outlined in the software Image-Pro Plus. 

The velocity of two particles moving relative to each other is measured in the 
following way: The distance between a feature on particle 1 (the edge or the 
centre of the particle) and on particle 2 is measured two different times, and the 
velocity is given as the distance is divided by the time interval between the 
recording of the two images. All measured velocities are corrected for the sample 
drift: The measured velocities are the relative velocities of particles in physical 
contact which each other. It is not the absolute velocity, meaning the velocity of a 
particle relative to the image coordinates. Hence a CB particle in physical contact 
with a catalyst particle as in figure 3.4, will be drifting with the same velocity and 
direction as the catalyst particle, and the measured relative velocity between the 
CB and the catalyst particle will therefore be corrected for drift. 

CB particle diameters were measured in the following way: Manually the 
perimeter of the particle is outlined (fig. 3.4c). A routine in Image-Pro, Diameter 
(mean), reports the average length of the diameters, measured at two-degree 
intervals joining two outlined points and passing through the centroid of the 
outlined particle. If two particles overlap, only one of the overlapping particles is 
outlined, since Image-Pro understands overlapping particles as one particle.  

3.8 The projection problem 

Studying 3-dimensional samples monitored by 2-dimentional projections as in 
TEM imposes what I will call the projection problem. The projection problem 
occurs because it is difficult to obtain information of the sample along the optical 
axis [43,50,51]. In this study, the projection problem will appear in three different 
variants which will be presented in the folloing. 

1. Variant: Because of overlap between CB and CeO2 and because of the 
higher mass contrast of CeO2 it is usually difficult to see exactly where the CB 
agglomerates have physical contact, if any, to the CeO2. The apparent distance to 
the interface from a point on the CB particle can be different from the real 
distance, defined in figure 3.5a. 
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                          a                                               b                                          c 

Fig. 3.5: (a) An illustration of the difference between apparent and real distance. (b) 
Illustration presenting the measured relative velocity of a soot agglomerate and the 
catalyst particles as a projected velocity. (c) Illustration of a soot agglomerate rotating 
relative to the catalyst (changing the angle β as a function of time) in the plane of the 
image i.e. the optical axis is perpendicular to the plane of the illustration. 

2. Variant: The particles can move in three dimensions, of which only two is 
measured. While v in figure 3.5b presents the real velocity of a CB agglomerate 
relative to a catalyst, the measured velocity is a projected velocity: 
 
3.1       ( )αcos⋅= vvmeasured  
 
The angle α is defined in figure 3.5b. According to equation 3.1, the measured 
velocity, vmeasured will always be smaller than or equal to the real velocity v. 

3. Variant: Rotational motion can be confused with translational. The 
rotational vector for a CB agglomerate has two components: A component in the 
images plane and a component normal to the image plane (parallel to the optical 
axis). The first component corresponds to α(t) and the second to β(t) defined in 
figure 3.5c. A rotating CB agglomerate is presented in figure 3.6a-f by a time-
elapsed image serial. The rotational component, β(t) is easy to distinguish from 
the translational motion as the slope of a line through the agglomerate will change 
with time (fig. 3.6). It is more difficult to distinguish the rotational component, 
α(t) from a translational motion, especially for an agglomerate for which β is a 
constant, but α is varying with time. Notice however that it is not impossible to 
detect whether α is changing. The perimeter is different for the images a-f, and by 
studying the perimeter change over time, it is realized that α is changing with time 
in figure 3.6. 

The three variants of the projection problem mentioned above, complicates 
the measurements of distance and velocities, and it seems to be a problem which 
cannot be avoided once and for all. Precautions are however taken to minimize the 
errors resulting from the projection problem. This is described when relevant in 
the following chapters. 
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                      a                                              b                                             c 

   
                      d                                              e                                              f 

Fig. 3.6: Time-elapsed ETEM images of a CB agglomerate and CeO2 during exposure to 
2.0mbar O2 at 500ºC. The CB agglomerate is rotating and moves relative to the CeO2. 
The colors of the image have been inverted which enhances the agglomerate 3-
dimensional structure. A sketch of the structure is added to each image. 

3.9 Microscope calibration 

As mentioned above, the scale bars in the TEM images was used to calibrate the 
measuring tools in Image-Pro. Therefore it is important that the microscope 
software is calibrated correctly, so that the TEM image scale bars are correct. The 
calibration of the TEM was carried out in the following way. 
 A grid with Au particles on a carbon film was inserted in the CM300, and a 
TEM image was recorded for every magnification. For the highest magnifications, 
known lattice distances for Au were compared with measured lattice distances 
from the images. The microscope post-magnification value was corrected if the 
distances differed more than 10%. For low magnification images where lattice 
fringes are not visible, a distance of a recognizable feature was compared with the 
distance of the same feature on an image with higher resolution that was already 
calibrated. 

3.10 Error calculations 

As mentioned above, the microscope was calibrated to monitor distances with a 
precision within 10%. The TEM calibration error, δxTEM_cal = 10% of the measured 
distance, x. This error is systematic and ascribed to every single measured 
distance. Notice that in absolute units (e.g. nm) a larger error will be ascribed to 
long distances, than to small distances. 
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Another error is due to the manual measurements carried out in Image-Pro. This 
manual measuring error, δxmanual_measure depends on the image magnification and 
resolution, on the operator and on how well-defined the perimeters of the particles 
in the image are. Because δxmanual_measure depends on all these parameters it is 
estimated separately for every magnification and type of measurement in the 
following way: A distance was measured two times and the two measured lengths 
were subtracted, given the error of measurement. This was done for 10 different 
distances, and the δxmanual_measure is calculated as the mean of these 10 measured 
errors using equation 3.2 [58]. 
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Here N is the number of measurements. Notice that, contrary to δxTEM_cal, the 
δxmanual_measure does not depend on the magnitude of the measured length for a 
given magnification (To realize this one can think of measuring the length of two 
objects with a ruler, which is a parallel to Image-Pro measurements: If the objects 
are equally well-defined, the measuring error will principally be the same, even if 
the length of the objects differ). Notice that δxmanual_measure is a random error 
contrary to δxTEM_cal. 
 For each magnification the pixel length was found by dividing the width of 
the quadratic TEM image in nanometers by the number of pixels (512 or 1024). 
By comparison it was verified that the δxmanual_measure value was always lager than 
the pixel length. 
 When an absolute distance, measured in the TEM, is compared with 
distances obtained from other techniques, the total measuring error, δxmeasure must 
be a combination of δxTEM_cal and δxmanual_measure. It can be discussed how 
systematic and random errors are combined correctly [58]. In this study they are 
combined as suggested in [58]: 
 

3.3       2
_

2
_ measuremanualcalTEMmeasure xxx δδδ +=  

 
In most cases in this study, it is not the absolute distances that are of interest, but 
rather relative distances. It is e.g. of interest to study the shrinkage or the 
movements of a particle. In such cases, systematic errors should not be taken into 
account. In these cases the measuring error is simply identical to δxmanual_measure. 
For each graph in the following chapters, it will be noted whether the error bars 
include the 10% δxTEM_cal error or not. 

Some measured distances, x1, x2,...,xN are used for calculating a new value, q 
e.g. a relative velocity or a mean relative velocity. In such cases, the 
corresponding errors for all distances, δx1, δx2, …, δxN are found as described 
above. The error for q, δq is calculated using the standard formula for error 
propagation [58]: 
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If q is a velocity, then one of the parameters in equation 3.4 is time, t. The 
recording time for a specific image can be acquired by the Tietz software, and this 
value is used for t. In principle, there will be an error, δt on t, but this was ignored 
in the calculations of error propagation. 

Above it is described how e.g. errors of mean values are obtained through 
error propagation of estimated measuring errors. An alternative way to describe 
the error of a mean value is to use statistical errors. The statistical error for a mean 
value is the standard deviation of the mean [58]:  
 

3.5                    
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where σx denotes the standard deviation [58], 
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In this study, both approaches; 1. using measuring errors and 2. using statistical 
errors, are used. The two approaches can be recognized by the color of the error 
bar: All black error bars in this study refers to measuring errors, and all grey error 
bars refer to statistical errors. 
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4. Chapter 

Non-catalytic oxidation 

The regeneration of DPF can be carried out by two different processes [1-3,6,24]: 
1. by catalytic oxidation at relatively low temperatures (above ~200ºC) [24]. 2. by 
non-catalytic oxidation at higher temperatures (above ~500ºC) [11,20,24].  This 
study focuses on the CeO2-catalyzed soot oxidation, but in this chapter effects of 
non-catalytic oxidation are studied. This approach will prove helpful in chapter 5, 
which deals with the catalytic oxidation, as it will become important to be able to 
distinguish effects of catalytic and of non-catalytic oxidation.  

First focus will be put on analysis of conventional TEM images of CB-
samples before and after oxidation at relatively high temperatures characteristic of 
non-catalytic CB oxidation. The oxidation was carried out in a temperature 
programmed oxidation, TPO experiment. Second, results from ETEM 
experiments will be presented. The ETEM images monitor the in situ oxidation of 
CB, again at temperatures characteristic of non-catalyzed oxidation. 

4.1 TPO/TEM 

4.1.1 Experimental details 

Details of the TPO experiment can be seen in table 4.1 and the TPO setup is 
described in the appendix B. The CB-Al2O3 sample was mixed in a mechanical 
mill giving a tight physical contact. A pill was pressed from the sample and the 
pill was crushed into 0.15-0.30mm grains. This procedure secures a stable gas 
flow through the sample bed, which is difficult to obtain through a fine powder. In 
the TPO experiment the temperature was ramped to a maximum temperature, 
which was kept stable in a time interval. The maximum temperature was T = 
600ºC characteristic for non-catalytic CB oxidation [11,20,24]. To make sure that 
the sample was not only superficially oxidized, the time interval for the maximum 
temperature was estimated, so that approximately half of the CB was oxidized. 
Before and after oxidation in TPO, images of the sample were recorded using 
conventional TEM. The diameters of 500 CB particles were measured from the 
TEM images of each sample. 
 

Flow 
[Nml/min] 

Ramping rate 
[ºC/min] 

Partial pressure of O2 
in N2 [mbar] 

Amount of 
sample, ms [g] 

Fraction, f 
CB/Al2O3 

100 5.0 2.0 0.109 0.11 

    Table 4.1: Parameters for the TPO experiment. 
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4.1.2 Results and discussion 

The temperatures, the CO2 and the CO concentration from the TPO experiment 
are presented as a function of time in figure 4.1. From this figure it is seen that the 
temperature was ramped up to T = 600ºC and that the CO2 and CO concentration 
started to rise at T = ~500ºC indicating the starting temperature for non-catalytic 
CB oxidation which agrees with previous results [8,11,12,20,59]. 
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Fig. 4.1: CO2 (black) and CO (grey) concentration and temperature (dashed) from non-
catalytic oxidation in TPO presented as a function of time.  

In the following way it was verified that at least half of the CB was oxidized: In 
figure 4.1, the CO2 and CO concentration curves were integrated over the duration 
of the experiment time. The integration gives the CO2 and CO production in 
milliliters, VCO2 and VCO. From the CO2 and CO-volume the amount of oxidized 
CB can be calculated, assuming CB to constitute of 100% carbon (which is only 
approximately true, see section 3.1): 
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Here mc [g] is the mass of oxidized carbon, M = 12g/mole is the molar mass of 
carbon and 22.4ml is the volume of 1mole gas at T = 0ºC. From equation 4.1 the 
amount of oxidized CB in percent, P can be calculated: 
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where f and ms [g] are given in table 4.1. The calculations show that 80% of the 
CB was oxidized, which is definitely more than half of the sample. This result 
indicates that the sample was not only oxidized superficially. 
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An example of a TEM image of CB before and after oxidation in TPO at 600ºC is 
seen in figure 4.2a-b. The TEM images show that the non-catalytically oxidized 
CB particles have reduced diameters. The qualitative observations are further 
verified by CB particle size distributions measured from TEM images (fig. 4.2c). 
A lognormal distribution function is fitted to each dataset and the bin sizes of the 
presented histogram are obtained by following a rule for optimal bin size for 
lognormal distributions suggested in [60]. The distribution for the oxidized 
sample is seen to be shifted to the left, compared with the distribution for the 
sample before oxidation. This confirms that the CB particles generally shrink in 
diameter during non-catalytic oxidation.  
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                                      c                                                                   d  

Fig. 4.2: (a-b) TEM images of an agglomerate of CB (a) before oxidation and (b) after 
non-catalytic oxidation (mixed with Al2O2 in TPO at 600ºC). Scale bars = 30nm. (c) 
Particle size distributions of CB particles before and after oxidation. To guide the eye, a 
lognormal distribution is fitted to each histogram. (c) Mean CB particle diameter from the 
two distributions in presented in (a), before 1 and after non-catalytic. Results from 
another particle size distribution, before 2 is added for comparison. 
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The reader may have noticed the peculiar fact, that the number of very small CB 
particles (diameters <15nm) has not increased much during the oxidation, even 
though the diameters are generally reduced. This can be explained by a difficulty 
when measuring the CB particle diameters by outlining their perimeters: It is 
difficult to distinguish between the perimeters of very small overlapping CB 
particles. This is especially difficult for the non-catalytically oxidized sample, 
because the non-catalytically oxidized CB particles show larger contrast 
differences (fig. 4.2b).  

A possible explanation for the increased contrast is that the CB particles 
become porous during non-catalytic oxidation. The oxidation reaction may 
therefore partly take place inside the CB particles. The CB particles could become 
perforated during the oxidation. It has also been proposed that oxidation 
preferentially will remove amorphous carbon relative to graphitic carbon [7], 
which could also explain the increased contrast. 

The images from the sample before oxidation were analyzed two times to 
determine how reproducible the analysis is and to estimate the measuring error of 
the mean CB particle diameter. In figure 4.2d the mean diameter of CB particles 
before oxidation from the first and the second analysis are presented together with 
the mean diameter after non-catalytic oxidation. The error bars in the figure 
represents the measuring error. In this particular case the measuring errors are 
calculated as the difference between the two mean diameters, before 1 and before 
2. The 10% error from the microscope calibration is not included, since the 
microscope was not recalibrated in-between the measurements and the absolute 
values are not of interest. The figure clearly shows that the mean diameter is 
reduced after non-catalytic oxidation, and that the analysis is reproducible. 

It can be concluded from figure 4.2a-d that the CB particles shrink during 
non-catalytic oxidation. This conclusion agrees with a similar TPO/TEM-study 
[22]. The shrinkage in diameter of the CB particles during non-catalytic oxidation 
suggests that reaction centers for non-catalytic oxidation are wide-spread 
distributed on the surface of the CB agglomerates. The same conclusion is 
suggested by the larger contrast differences in the TEM images of the oxidized 
CB particle, as mentioned above. 

4.2 ETEM 

4.2.1 Experimental details 

ETEM experiments were carried out in 2.0mbar O2 at temperatures 550-600°C 
which as mentioned above are characteristic temperatures for non-catalytic soot 
oxidation [11,20,24]. A mixture of CB with Al2O3 was prepared as described in 
section 3.3 and dispersed dryly on a stainless steel TEM grid. The grid was 
mounted in the Gatan holder and inserted in the CM300 microscope. The 
temperature was ramped after a stable gas pressure was obtained. The beam 
current density was kept below 10.000e/nm2s which was found sufficiently low to 
avoid influence of the beam effect on the oxidation kinetics. 
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4.2.2 Results and discussion 

Figure 4.3 presents time-elapsed ETEM images of a CB agglomerate during 
exposure to 2.0mbar O2 at 550ºC. The images confirm the conclusion from the 
TPO/TEM experiment that the CB particles are shrinking in diameter during non-
catalytic oxidation. The same effect was seen in images recorded at similar 
conditions at 600ºC. By measuring the diameters of single CB particles from the 
images, it is possible to describe the shrinkage as a function of time. This was 
done for several images of two different CB agglomerates. The shrinkage of 
single CB particles is presented as a function of time in figure 4.4a-b together 
with the mean values for each agglomerate. The error bars in the figure represent 
the measuring error (section 3.10). The 10% from the microscope calibration is 
not included, since only relative sizes, not absolute sizes, are of interest. 
 

         
                          a                                           b                                            c 

Fig. 4.3: ETEM images of CB during exposure to 2.0mbar O2 at 550ºC. The time interval 
between each images is 10min. Scale bars = 100nm. (See Supplementary materials A).  
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                                       a                                                                    b 

Fig. 4.4: (a) Diameters of 10 CB particles as a function of time during exposure to 
2.0mbar O2 at 550ºC. The particles analyzed were part of two different agglomerates (five 
particles from each). (b) Mean particle diameters of five particles from two different 
agglomerates as a function of time. A linear fit is made to each dataset and the equations 
for the linear fits are presented in the figure. 
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Figure 4.4 shows a linear relation between the CB particle diameters and time. To 
explain this linear relation, one can imagine that the oxidation reaction takes place 
at the outer surface of the spherical CB particles (ignoring the porous particle 
structure, see shrinking core model in section 3.1). The oxidation rate for a single 
CB particle, dV/dt is then proportional to the surface area of the CB particle at 
time, t because the reaction only takes place at the particle surface: 
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where D(t) is the diameter at time t, and h is a proportionality constant. The 
change in volume for at spherical CB particle over time can be described as, 
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Combining equation 4.3 and 4.4 implies a linear relation between diameter and 
time: 
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It should however be noted that this model is a rough model since the CB particles 
have been reported to be porous (section 3.1). Therefore the non-catalytic 
oxidation will probably also take place inside the particles and not just on the 
sphere surface. Also the area of adhesion is not taken into account. 

The linear relation between CB particle diameter and time makes it possible 
to estimate the average shrinkage rate: A CB particle with a diameter in the range 
of ~40-45nm will on average shrink in diameter with a rate dD/dt = 0.29nm/min at 
the conditions specified above (the mean value of the two slopes in fig. 4.4b). 
Because the model described above is rough, it is uncertain for how broad a range 
of diameters the shrinkage is linear. The found shrinkage rate should therefore 
only be used as a rough estimate for the particle shrinkage in general, and only for 
the temperature, T = 550ºC. 

To extrapolate the estimate for other temperatures, the so-called Arrhenius 
equation which describes the reaction rate, k for a chemical reaction [61,62] is 
used: 
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Here Q is a pre-exponential factor, Ea is the apparent activation energy barrier, R 
is the gas constant and the T is the temperature. Assuming that the chemical rate is 
proportional to the shrinkage rate, the CB particle shrinkage rate can be described 
for other temperatures as: 
 

4.8     
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where Q’ is a proportionality constant. The strategy is first to calculate a value for 
Q’ by inserting T = 550ºC, R = 8.31J/mol·K, dD/dt = 0.29nm/min and a known 
value from the literature for apparent activation energy for non-catalytic CB 
oxidation, Ea = 164kJ/mol [20,24]. This Q’-value is then used to calculate the 
shrinkage rates for other temperatures. The result is presented in figure 4.5. The 
error indicated in the figure by the black area represents the measuring error and is 
calculated using equation 3.4 on the errors presented in figure 4.4b. 

Non-catalytically soot oxidation is not the primary focus of this study, and 
therefore the estimate is only based on measurements at one temperature. 
Measurements at other temperatures are necessary for generating more conclusive 
results and for confirming the assumption expressed by equation 4.8. 
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Fig. 4.5: Estimated shrinkage rate of a CB particle as a function of temperature. The 
width of the line indicates the error of the estimate. 

4.3 Concluding remarks 

TPO/TEM and ETEM experiments were carried out on CB samples in an 
oxidizing environment at elevated temperatures characteristic for non-catalyzed 
soot oxidation. From the TPO/TEM experiment it is concluded that the CB 
particle diameters are reduced during non-catalyzed oxidation, in agreement with 
results from a similar study [22]. This result was further confirmed by ETEM 
experiments. The measured CB particle shrinkage suggests that the reaction 
centers for non-catalytic oxidation are wide-spread distributed on the surface of 
the CB agglomerates. From the ETEM experiment it is further concluded that the 
CB particle diameter is linearly related to time for constant temperatures and that 
a mean shrinkage rate can be estimated for a chosen temperature. 



  32 

5. Chapter 

Catalytic oxidation 

This chapter presents ETEM images that monitor the dynamics of CeO2-catalyzed 
CB oxidation. After a qualitative description of the dynamics, a quantitative 
analysis of the ETEM data will be given. In the qualitative and in the quantitative 
analysis focus will mainly be put on the localization of the catalytic oxidation 
reaction centers. The main question for this chapter is: Are the catalytic reaction 
centers localized to the soot-catalyst interface or are they wide-spread distributed 
on the surface of the CB agglomerate, as they are for the non-catalytic reaction? 

Before presenting the ETEM results, this chapter will, along the same line 
as chapter 4, begin by presenting an analysis of conventional TEM images of CB-
CeO2-samples before and after catalytic oxidation in a TPO experiment at 
relatively low temperature characteristic of CeO2-catalysed CB oxidation. 

5.1 TPO/TEM 

5.1.1 Experimental details 

A TPO experiment followed by a TEM images analysis of the TPO sample was 
carried out as described in section 4.1.1. Details on the parameters are seen in 
table 5.1. 
 

Flow 
[Nml/min] 

Ramping 
rate [ºC/min] 

Partial pressure of O2 
in N2 [mbar] 

Amount of 
sample, ms  [g] 

Fraction, f 
CB/CeO2 

100 2.0 2.0 0.115 0.10 

   Table 5.1: Parameters for the TPO experiment. 

5.1.2 Results and discussion 

The temperature and the CO2 and the CO concentration from the TPO experiment 
are shown as a function of time in figure 5.1. From this figure it is seen that the 
temperature was ramped up to T = 350ºC and that the CO2 concentration started to 
rise at T = ~300ºC indicating the starting temperature for CeO2-catalized CB 
oxidation, which was previously reported [12,63]. Interestingly the CO2 
concentration decreases during the experiment time, even though the temperature 
is stable. This can be interpreted as loss in contact area between CB and CeO2 
during oxidation, as previously suggested [24]. Another interesting result is that 
the CO concentration is zero, even at the maximum temperature. This is a good 
result, because CO imposes a health risk and it is advantageous to regenerate 
DPFs by a catalyzed oxidation reaction with no CO production. 
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From the TPO results it was verified that at least half of the CB was oxidized. The 
same procedure as described in section 4.1.2 was used. It was found that 53% of 
the CB was oxidized. This result indicates that the sample was not only oxidized 
superficially. 
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Fig. 5.1: CO2 (black) and CO (grey) concentration and temperature (dashed) as a 
function of time during CeO2-catalized CB oxidation in a TPO experiment. 

An example of a TEM image of CB before and after CeO2-catalyzed oxidation in 
TPO is presented in figure 5.2a-b. There is no visible difference between the CB 
particles before and after oxidation. Especially, the TEM images indicate that the 
diameters of the catalytically oxidized CB particles were not reduced during 
oxidation. The qualitative observations are further verified by CB particle size 
distributions measured from TEM images (figure 5.2c). As in chapter 4 a 
lognormal distribution is fitted to the data. The distributions representing the CB 
particles before and after catalytic oxidation are similar (fig. 5.2c), which 
confirms the preliminary conclusion from the TEM images in figure 5.2a-b, that 
the CB particle does not shrink in diameter during CeO2-catalyzed oxidation. 

In figure 5.2d the mean diameter of CB particles before and after catalytic 
oxidation are presented. As mentioned in chapter 4, the sample before oxidation 
was analyzed two times to evaluate the reproducibility of the diameter analyses 
and the error on the mean diameters. Results from both analyses, before 1 and 
before 2, are presented in the figure. The figure shows that the mean diameter is 
not reduced after catalytic oxidation. Again, the measuring errors are calculated as 
the difference between the two mean diameters, before 1 and before 2. Again, the 
10% error from the microscope calibration is not included, since the microscope 
was not recalibrated in-between the measurements and the absolute values are not 
of interest. 

It may be noticed that the CB particle diameters are not exactly the same 
before and after oxidation, but are generally shifted to higher diameters (fig. 5.2c-
d). This shift can be explained by the measuring error, since the error bars almost 
overlap. The shift can also be explained by the operator being biased as he knew 
which results to expect when measuring the diameters. The problem of being 
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biased could have been avoided by having the sample measured in a blind 
experiment. 
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Figure 5.2: (a-b) TEM images of a CB agglomerate (a) before oxidation and (b) after 
CeO2-catalyzed oxidation in TPO at 350ºC. Scale bars = 30nm. (c) Particle size 
distributions of CB particles before and after CeO2-catalized oxidation in TPO. To guide 
the eye, a lognormal distribution is fitted to each histogram. (d) Mean CB particle size 
diameters for the distribution before and after catalytic oxidation. 

From figure 5.2a-d it is concluded, that the CB particles did not shrink in diameter 
during CeO2-catalyzed oxidation. This is contrary to the non-catalytically 
oxidized CB particles that clearly did shrink in diameter during oxidation. CB 
particle shrinkage must therefore be characteristic for non-catalytic, but not for 
catalytic oxidation. As the shrinkage in diameter of CB particles during non-
catalytic oxidation suggests that the oxidation reaction centers are wide-spread 
distributed on the surface of the CB agglomerates, the stable CB diameters during 
catalytic oxidation suggest highly localized reaction centers. The results therefore 
suggest that the reaction centers for the catalytic CB oxidation are localized at, or 
very near, the CB-catalyst interface. 
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5.2 The ETEM experiment 

5.2.1 Experimental details 

A mixture of CB and CeO2 was prepared as described in section 3.3 and dispersed 
dryly on a stainless steel TEM grid. A mixture of CB and Al2O3 was prepared and 
dispersed on a TEM grid in the same way. Also pure CB, and in one experiment 
real diesel soot was without pretreatment dispersed on a stainless steel TEM grid. 
After sample preparation, the TEM grid was mounted in the Gatan holder and 
inserted in the CM300 microscope. The temperature was ramped after a stable gas 
pressure was obtained. The ETEM experiments were carried out in 2.0mbar O2 at 
different temperatures (350ºC – 600ºC). One experiment with pure CB was 
carried out at 600°C, but with N2 instead of O2 and one experiment with a similar 
sample was carried out in vacuum (for a definition of vacuum in this context, see 
section 2.5). In some experiments images were recorded with the technique of 
minimizing the beam effects by switching of the beam in the intervening time 
between exposures as described in section 3.6. The beam current density was 
always kept below 10.000e/nm2s which was found sufficiently low to avoid 
influence of the beam effect on the oxidation kinetics. 

5.2.2 Results and discussion 

The ETEM experiments monitor CB agglomerates in contact with CeO2 during 
exposure to O2 at elevated temperatures. The ETEM images show that the CB 
agglomerates move towards the CeO2 and vanish in course of time (fig. 5.3a-c). 
Such movements are characteristic for all CB particles in contact with CeO2 
during exposure to the oxidizing environment. 
 

        
Fig. 5.3: ETEM images of CB-CeO2 during exposure to 2.0mbar O2 at 550ºC. The time 
interval between each image is ~2min. Scale bar = 90nm. 

These results suggest that the catalytic effect is related to CB-CeO2 interface 
processes, and this suggestion is in agreement with the TPO/TEM experiments 
described above. Furthermore the ETEM images show that the CB-CeO2 interface 

a b c 

CB 

CeO2 
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apparently is re-established in the course of the reaction. This is especially 
interesting since the degree of physical contact between CB and catalyst is known 
to be important. Notice that the TPO results show that the activity of catalytic CB 
oxidation decreases with time (fig. 5.1). In the literature this is explained as a loss 
in contact area between soot and catalyst [9,24]. Therefore it may be surprising to 
see, from the ETEM images, that the soot-catalyst contact is reestablished. From 
the ETEM results it can be concluded that the catalytic activity does not decrease 
because the soot-catalyst interface cannot be reestablished. The activity loss 
observed in the TPO experiments may be explained by the soot agglomerates been 
parts of a larger network e.g. in the TPO reactor bed or in a DPF. In such a 
situation there will be a competition between maintaining the interface between 
soot and catalyst and maintaining the interface with the soot network. 

The motion of CB agglomerates was not only observed relative to CeO2, but 
also relative to the stainless steel TEM grid. Figure 5.4 shows time-elapsed ETEM 
images of CB agglomerates at a stainless steel grid bar in 2.0mbar O2 at 600ºC. In 
this figure, the positions of selected CB particles and a feature on the grid are 
tracked through several images of which only three are presented in the figure. 
From the tracks it is clear that the motion of CB is not random, but directed 
towards the material catalyzing the oxidation reaction. It is also evident that the 
motion of CB is not a result of sample drift, because the displacement of the TEM 
grid is small compared with the displacement of the CB agglomerates. 
 

   
                       a                                             b                                             c 

Fig. 5.4: ETEM images of CB on a stainless steel grid bar recorded during exposure to 
2.0mbar O2 at 600ºC. The position of selected CB particles (purple, green and cyan) and 
of the grid bar (red) are indicated on images a-b. The positions were tracked for a larger 
number of images and the total track is indicated by the colored dots in TEM image c 
from start (a) until the CB is no longer visible (c). The intervening time between images a, 
b and c is 12min. 

That stainless steel actually catalyze CB oxidation was only discovered by 
coincidence, since the TEM grid is made of stainless steel. Of cause CeO2 is 
expected to be a far better catalyst for CB oxidation than stainless steel, and this is 
confirmed by figure 5.5a-b. The figure presents CB agglomerates in an oxidizing 
environment with contact to the stainless steel grid bar and to CeO2. As expected, 
it is observed that the CB agglomerates in contact with CeO2 move faster than the 
CB agglomerate in contact with stainless steel. The figure therefore suggests that 
the catalytic effect toward soot oxidation of different materials can be compared 
by comparing the motion of the CB agglomerates towards the materials. 
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Fig. 5.5: ETEM images of CB agglomerates in contact with CeO2 and with the stainless 
steel grid bar during exposure to 2.0mbar O2 at 600ºC. The time interval between the 
images is ~1min. (Se Supplementary materials A). 

The ETEM experiments also monitor CB agglomerates in contact with Al2O3 
during exposure to O2 at elevated temperatures. CB agglomerates in contact with 
Al2O3 are stable during exposure to an oxidizing environment (fig. 5.6a-c). These 
images were recorded in similar conditions as e.g. figure 5.3, but while the CB 
particles in contact with CeO2 clearly move, movements of CB in contact with 
Al2O3 are not visible. This result confirms that the motion of the CB agglomerates 
relative to CeO2 is induced by a catalytic oxidation mechanism, since the CB does 
not move relative to an inert material. 
 

       
Fig. 5.6: ETEM images of CB-Al2O3 during exposure to 2.0mbar O2 at 550ºC. The time 
interval between each image is ~2min. Scale bar = 90nm. 

This conclusion is further established by ETEM images recorded in vacuum or in 
N2 instead of O2. Comparison of figure 5.4 with figure 5.7 shows that the CB 
agglomerates are stable without an oxidizing atmosphere. The motion of the CB 
agglomerates is not induced by the temperature alone, an arbitrary gas or an 
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arbitrary contact material, but has to be induced by the catalytic oxidation 
mechanism. 

The conclusion, that catalytic oxidation of carbon creates motion, agrees 
with previous studies of catalytic oxidation of graphite or carbon deposits with 
TEM [36,64] and with ETEM [33,34,36-38]. In these studies the catalytic effect is 
presented as movements of metal colloids on a graphite or on carbon deposit 
surfaces. 
 

                    
                                             a                                                      b  

                    
                                             c                                                       d 

Fig. 5.7: ETEM images of CB at a stainless steel grid bar at T=600ºC (a-b) in vacuum and 
(c-d) during exposure to 2.0mbar N2. The time interval between the images is 15min. 

In chapter 3 it was explained that CB was used in this study instead of real diesel 
soot. For comparison a single ETEM experiment was however carried out using a 
sample of real diesel soot instead of CB. ETEM images from this experiment 
confirm that the real diesel soot did show the same qualitative behavior as CB 
when exposed to a catalytic environment. Specifically, the diesel soot 
agglomerates moved towards the catalyst, similar to the CB agglomerate in the 
experiments described above (fig. 5.8a-b). 
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                                a                                                                         b 

Fig. 5.8: TEM images of real diesel soot on a stainless steel grid bar recorded during 
exposure to 2.0mbar O2 at 600ºC. The time interval between the two images is 15min. 

Above it is concluded that the motion of CB and soot relative to the catalyst is a 
result of the catalytic oxidation mechanism, and it was suggested that this 
mechanism is localized at the soot-catalyst interface. Focus will now be put on a 
quantitative analysis of ETEM images to be able to confirm or reject whether 
catalytic soot oxidation is an interface reaction or not. 

For 10 CB particles the diameters and positions relative to CeO2 were 
mapped out in a selection of ETEM image series, as outlined in figure 5.9a-c. In 
this case the diameters were not measured by outlining the particle perimeter as in 
previous diameter measurements because the perimeter will change at the 
interface when the CB particle has contact to the catalyst. The diameter was 
therefore measured as a distance between two recognizable features at each side 
of the particle (fig. 5.9a-c).  

Figure 5.9d-g presents measurements for all 10 CB particles at temperatures 
450-525ºC. The relative distances between CB agglomerates and CeO2 are seen to 
shrink linearly over time which means that the CB agglomerates move at constant 
velocity towards CeO2. Interestingly, the CB particle diameters are constant 
during the oxidation process. This shows that the catalytic oxidation reaction 
centers can not be wide-spread distributed on the surface of the CB particles, but 
the result is consistent with a reaction mechanism involving reaction centers 
located in close proximity of the interface between CB and CeO2. This result is 
especially interesting since it has recently been suggested that the CeO2 catalyst 
has an oxidizing effect a distance from the CB-catalyst interface using the so-
called spill over mechanism [59]. The ETEM results show that if CB is oxidized 
by a spill over mechanism, the spill over effect is either negligible compared to 
effects of other mechanisms at the interface, or the operating distance of the spill 
over mechanism is shorter than the measured CB-catalyst distance. 
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Fig. 5.9: (a-c) ETEM images of an agglomerate of CB particles attached to CeO2 during 
exposure to 2.0mbar O2 at 475ºC. Scale bars = 30nm. The time interval between the 
images is ~4min. (d-g) Measured diameters of CB particles (x) and the distances from CB 
particle center to the catalyst edge (■) as a function of time for several particles during 
exposure to 2.0mbar O2 at (d) 450ºC, (e) 475ºC, (f) 500ºC and (g) 525ºC (Se 
Supplementary materials A). 

Because of the first version of the projection problem (that only the apparent CB-
catalyst distances can be measured and the real distance is principally unknown) 
the real CB-catalyst distance may be larger than the measured distance displayed 
in the figure, and how much that is, is difficult to estimate. By tilting the sample, 
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it is possible to verify that the real and the apparent distance is approximately 
identical, but this procedure was unfortunately not consequently incorporated in 
the recording process. The measured CB-catalyst distances therefore represent 
apparent distances as defined in section 3.8.  One could therefore speculate that 
the CB particle diameters are in fact reduced as a result of a spill-over mechanism 
for distances of several nanometers, and that this length is not displayed because 
of the projection problem. The 10 analyzed particles are however part of five 
different agglomerates and none of the 10 CB particles show any sign of 
shrinkage. It seems therefore unlikely that the difference between apparent and 
real distance is large for all five agglomerates. But the present number of 
measurements is a modest ensemble, and a way to support the conclusions above 
would be to repeat the analysis on a lager number of particles in different 
agglomerates.  

The same argument could be repeated toward the second version of the 
projection problem (The real CB-catalyst distance can be confused with the 
projected distance). 

The third version of the projection problem (that rotational motion can be 
confused with translational) was however solved in the following way. 
Agglomerates with rotational component, α(t) were screened out, as only 
agglomerates that retain a constant periphery in the projected ETEM images, were 
used for the analysis. It was not necessary to screen out agglomerates with 
rotational component, β(t) since this rotational component is not confused with a 
translational motion.  

The error bars in the figure represents the measuring error. The 10% error 
from the TEM calibration is excluded because it is a systematical error and 
therefore identical for all the presented measurements. This mean that all point in 
figure 5.1d-f can be shifted up or down within 10%, but that their relative position 
is not affected. 
 
To investigate if the interface reaction is sufficient to explain the catalytic role of 
CeO2, the kinetics associated with the interface reaction was studied in the 
following way: ETEM experiments were carried out at different temperatures, 
300-600ºC. The ETEM images show qualitatively the same behavior as in figure 
5.9a-c. In these experiments the technique of minimizing beam damage by 
switching of the beam in the waiting time between exposures was used. To detect 
any dynamical changes at the low temperatures, a long waiting time was 
necessary. A much shorter waiting time was on the other hand necessary for the 
high temperatures where all CB agglomerates were fully oxidized in a time scale 
of minutes. Typical waiting times are presented in table 5.2. 
 

Temperature [ºC] 300 400 450 500 550 600 
Time [min] 30 30 30 10 4 3 

           Table 5.2: Typical waiting times at different temperatures. 

The mean velocity of CB agglomerates relative to CeO2 and to Al2O3 was 
determined at each temperature. A total of 60 agglomerates were analyzed for 
each sample which gives 10 agglomerates per temperature per sample. The mean 
relative velocity is presented as a function of temperature in figure 5.10. This 
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figure confirms what is already known: CeO2 catalyzes the oxidation of CB, while 
Al2O3 does not. More interestingly, the figure shows that for catalytic soot 
oxidation, the catalytic activity can be measured quantitatively using ETEM. The 
projected relative velocity between soot and catalyst can be used as a measure for 
this activity.  
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Fig. 5.10: The mean projected velocity of CB relative to CeO2 (■) and Al2O3 (x) presented 
for different temperatures at 2.0mbar O2. The mean velocity is calculated from velocities 
of 10 particles at each temperature.  

Notice that two different error bars appear in the figure. As mentioned in section 
3.10 the black error bars represent the measuring error. It includes the 10% error 
from TEM calibration, so that the absolute values can be used for comparison 
with other measurements. As mentioned, the grey error bars represent statistical 
errors. In the high temperature range, the statistical errors are clearly larger than 
the measuring errors. This can be explained with reference to the projection 
problem. The first version of the projection problem is not relevant since the 
absolute distances at different times are not relevant for measuring the velocity, 
only the changes in the distances are. But a consequence of the second version of 
the projection problem is that only projected velocities can be described, not real 
velocities. As α has a random value for each agglomerate, the projected velocity 
can, according to equation 3.1 have any value between 0 and 1 times the real 
velocity. This explains why the statistical errors are larger than the measuring 
errors in the high temperature range were the agglomerates moves fast, and is 
smaller than the measuring errors in the low temperature range were the 
agglomerates are more stable. For the experiments above, the third version of the 
projection problem was solved, by screening out agglomerates with a rotational 
component, α(t). The same solution was used for the present experiments, but for 
three reasons the rotational component is more difficult to distinguish than in the 
experiments described above: 1. these measurements were based on only two 
TEM images, and not on large images series as the previous experiment. 2. The 
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images for these experiments were recorded at a lower magnification (Example of 
ETEM images from these experiments are given in figure 3.4a-b). 3. For the 
highest temperature the CB particle perimeters must be expected to change 
slightly because of non-catalytic oxidation e.g. the diameter is estimated to change 
with ~1nm/min at 600ºC (Figure 4.5). The error of the third version of the 
projection problem is however not systematic since the rotation vector of an 
agglomerate points in a random direction, and the error will therefore be equaled 
out for a large number of measurements. 

Assuming that the interface oxidation reaction rate is proportional to the 
projected mean velocity of the CB agglomerates, an apparent activation energy 
barrier for the CeO2-catalyzed CB oxidation can be obtained from an Arrhenius 
analysis of the data in figure 5.10. The reaction rate can be expressed as, 
 

5.1        vQk ⋅′′=  
 
where Q’’ is a proportionality factor that e.g. includes interface area, and v is the 
temperature dependent agglomerate velocity. Since only the projected 
agglomerate velocity can be measured equation 5.1 is more correctly stated as, 
 

5.2              
αcos
v

Qk ′′=  

 
But as mentioned above, cos(α) does not depend on temperature and can for this 
reason be ignored. The rate for a chemical reaction is described by the Arrhenius 
equation given in equation 4.7, which can be rewritten in a form showing a linear 
relation between ln(k) and T-1: 
 

5.3         ( ) ( )Q
TR

E
k a ln

1
ln +−=  

 
A so-called Arrhenius plot [61,62] using the data from figure 5.10 is presented in 
figure 5.11a. From the equations of the linear fit the apparent activation energy, Ea 
was found using equation 5.3. Figure 5.11b shows the calculated values together 
with values reported in the literature. Notice that two values are given depending 
on which error analysis is used i.e. measuring errors (black) or statistical errors 
(grey). 

The ETEM values for apparent activation energy for CeO2-catalyzed CB 
oxidation agree with values measured by other techniques (fig. 5.11b). A 
measurement of apparent activation energy can give different result depending on 
the degree of physical contact between soot particles and catalyst as mentioned in 
section 3.3. As mentioned, tight contact mixtures usually results in lower values 
for apparent activation energy than loose contact mixtures. Note that the ETEM 
values agree better with the tight contact values than with the loose contact values. 
This is exactly what was expected from the considerations in section 3.3. 
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Fig. 5.11: (a) Arrhenius plot of the mean projected velocities of CB agglomerates towards 
CeO2. (b) The measured apparent activation energy for CeO2-catalyzed CB oxidation is 
presented together with values reported in the literature [6,12,20,26]. The type of CB and 
the type of physical contact between CB and CeO2 (loose/tight) is indicated on the graph. 

The results presented in chapter 4 showed that CB particles shrink as a result of 
non-catalytic oxidation, and in this chapter is has been demonstrated that the CB 
particles do not shrink as a result of catalytic oxidation. This means that the two 
processes can be distinguished, and the effect of the two processes can be 
compared. A comparison of the catalytic and the non-catalytic contribution to CB 
oxidation at temperatures up to 600ºC is presented in figure 5.12. This figure is a 
combination of figure 4.5 which displays an estimate for the shrinkage rate of 
single CB particles during non-catalytic oxidation and figure 5.10 which displays 
the projected mean velocity of CB towards CeO2 during CeO2-catalyzed 
oxidation. The figure show that the shrinkage rate resulting from non-catalytic 
oxidation is negligible compared with the velocity rate resulting from catalytic 
oxidation. 
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Fig. 5.12: The mean projected velocity of CB towards CeO2 during catalytic oxidation (□) 
and the estimated CB particle shrinkage during non-catalytic oxidation (black area) 
presented for different temperatures when exposed to 2.0mbar O2. 
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One consideration must be made to support the last conclusion: There is a 
difference in studying the shrinkage of single CB particles, as was done in chapter 
4, and studying the shrinkage of CB agglomerates. Agglomerate shrinkage may 
reveal cumulative effects because the agglomerate length (fig. 5.13a) can be 
described as the sum of the diameters of many CB particles, and for this reason 
the shrinkage of every single CB particle will result in a cumulative shrinkage in 
the agglomerate length. One may speculate whether this cumulative effect can 
explain the relative CB-CeO2 movements. By re-analyzing the ETEM images 
used for the results presented in section 4.2, an estimate of the cumulative effect at 
550ºC can be given: The mean agglomerate length at 550ºC for the data presented 
in figure 5.10 is ~100nm. Therefore the length of CB agglomerates with an 
approximate length of 100nm was measured and is presented as a function of time 
for 10 agglomerates in figure 5.13b (grey). The mean value for the 10 
agglomerates represents the mean cumulative shrinkage which is also presented in 
the figure (black). The mean cumulative shrinkage rate at 550ºC can now be read 
from the equation for the linear fit to the mean values and is ~0.3nm/min. Note 
that the rate of cumulative shrinkage is surprisingly close to the rate of single CB 
particle shrinkage (comparing figure 4.4 and figure 5.13b). The error bars 
represent the measuring errors. The 10% error from the TEM calibrations is not 
included because only the relative values are of interest, not the absolute values.  

The results indicate that the motion observed during catalytic oxidation 
cannot be explained as a cumulative effect, and this conclusion is confirmed by 
figure 5.9d-g since the agglomerates presented in this figure were clearly 
displaced even though the CB particles did not shrink. Again it can be concluded 
that the shrinkage rate resulting from non-catalytic oxidation is negligible 
compared with the velocity rate resulting from the catalytic oxidation. 
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Fig. 5.13: (a) Agglomerate length and the traveled distance are defined. (b) Measured 
agglomerate lengths as a function of time during exposure to 2.0mbar O2 at 550ºC (grey). 
A linear fit is made through the values for the mean agglomerate length (black) and the 
equation describing the fit is presented. 
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5.3 Concluding remarks 

The first observations of CeO2-catalyzed CB oxidation using ETEM have been 
made. It was demonstrated that the catalytic effect of CeO2 can be measured 
quantitatively with ETEM and the measured value for the apparent activation 
energy of CeO2-catalyzed CB oxidation agree with values from the literature. It 
was further concluded that the effect of the non-catalytic oxidation reaction is 
negligible compared with the effect of the catalytic oxidation for temperatures up 
to 600ºC and the non-catalytic effect is for this reason not interfering significantly 
with the quantitative analysis. Most interestingly, the TPO/TEM and ETEM 
results show that catalytic CB oxidation is an interface reaction i.e. the catalytic 
oxidation reaction involves processes confined to the CB-CeO2 interface region. It 
is also interesting that the catalytic reaction results in motion of CB agglomerates 
towards the CeO2 surface that acts to re-establish the CB-CeO2 interface in the 
course of the oxidation process. 
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6. Chapter 

The soot-catalyst interface 

In chapter 5 it was concluded that the oxidation mechanism for CeO2-catalyzed 
soot oxidation is localized within a few nanometers from the soot-catalyst 
interface. The obvious next step in this work is therefore to study the interface by 
use of high resolution ETEM. This chapter presents some preliminary results from 
high resolution ETEM experiments of the soot-catalyst interface. Before 
presenting the results, a discussion of possible interface mechanisms will be 
presented in order to get a hint of what to search for when studying the interface. 
The discussion is based on previous TEM and ETEM studies of other types of 
carbon compounds than soot.  

6.1 Interface mechanisms 

The relative movements between soot particles and the catalyst, demonstrated in 
chapter 5, gives a hint for understanding the mechanism of catalytic soot 
oxidation. One may speculate that carbon, removed during the oxidation process 
as CO2, leaves empty sites at the solid-solid interface. Attractive van der Waal 
forces between soot and catalyst could be responsible for re-establishing the 
interface (fig. 6.1.1a-b). 
 

 
                      1                                              2                                                 3 

Fig. 6.1: Illustration of suggestions for carbon-catalyst interface mechanisms. (1a-b) After 
removal of carbon as CO2 from the soot-catalyst interface during oxidation, the interface 
is re-established by attractive van der Waal forces. (2a-b) Metal colloid-graphene 
interface is re-established by attractive van der Waal forces. In this illustration the plane 
of the graphene layers is identical to the plane of the page. The illustration is taken from 
[64]. (3a-b) Mobility of the catalyst surface results in catalyst step-edges activating the 
catalyzed soot oxidation and establishes contact to the next graphene layer. 

Van der Waals forces have previously been proposed by Hennig to explain 
observed relative movements between catalyst particles and carbon. Hennig 
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performed early TEM studies of catalytic graphite oxidation which showed that 
colloidal metal particles can create channels in the graphite crystal surface when 
exposed to oxidizing conditions (fig. 6.1.2a-b). Hennig describes the following 
interesting observation of a sample after oxidation ex situ [64]: 

“Many catalyst particles were located on the cleavage surface some 
distance from the steps, these particles have not produced channels. The 
observations are interpreted as showing that catalysts remained inactive on 
the cleavage surface, until they came in contact with steps which moved 
along the surface due to non-catalyzed oxidation.” 

For the present study it is interesting that the structure of the carbon material is 
important for initiating the catalytic oxidation process. This is interesting because 
the building blocks in the soot particles consist of stacks of graphite like sheets. 
Hennigs interpretation that the catalyst need a step edge in the carbon material to 
activate the catalytic oxidation reaction and the observation that the reaction is 
carried out along the graphite sheet suggest a hint for the mechanism of catalytic 
soot oxidation: The oxidation of the graphite like sheets will probably start at the 
sheet edge and the oxidation reaction will preferable follow the direction parallel 
to the sheet, not normal to the sheet (fig. 6.1.1a-b). 

The oxidation reaction may also proceed without creating empty interface 
sites. Such a process could be mediated by surface transport and restructuring of 
the catalyst. The idea is presented in figure 6.1.3a-b which illustrates mobile step 
edges on the catalyst that form a two-sided contact with a graphene layer in the 
soot particle. The mobile step edge moves forward as the graphene layer is 
oxidized. Notice that the soot-catalyst interface is automatically re-established 
through this mechanism. 
 This idea is inspired by ETEM studies of carbon nanofiber growth in steam 
reforming catalysts [40-42]. These studies showed that a mobile surface of the 
catalyst particles were the key for understanding carbon nanofiber formation. In 
another ETEM study of carbon oxidation, in this case of gasification of carbon 
deposits on a Pd catalyst, it was observed that [38], 

“Many metal particles in the used catalyst appeared to be worm-like in 
shape. Compared with the elongated particles in the fresh catalyst, the 
worm-like particles in the used catalyst did not have uniform contrast or 
thickness throughout the whole particle.” 

Such shape changes may be a result of surface mobility of the catalyst. Surface 
mobility may therefore be a key for understanding the mechanism of catalyzed 
soot oxidation, as it proved to be for understanding the carbon nanofiber growth. 
Notice that the dynamics presented in figure 6.1.2 and figure 6.1.3 are identical 
with respect to the direction of catalyst mobility relative to the plane of the 
graphene layer. In both cases the catalyst or catalyst surface step edge moves 
along the plane of the graphene layer. This is not the case for the mechanism 
suggested by figure 6.1.1. 

Baker extended the work of Hennig by studying catalyzed graphite 
oxidation using ETEM [33-36]. His work was performed in the 70’s where high 
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resolution ETEM was not an option, and his conclusions are very similar to 
Hennigs. As mentioned in chapter 2, it is now possible to resolve the graphene 
layers of CB and the lattice distances of CeO2 in an oxidation environment at 
elevated temperatures. Therefore it must now in principle be possible to evaluate 
the suggested models using modern ETEM. For the reasons mentioned above, the 
most promising model is the one illustrated in figure 6.1.3. In the following 
section focus will therefore be put on this model. 

6.2 Experimental details 

High resolution ETEM experiments were carried out in 2.0mbar O2 at 300-525ºC 
on the following three different samples. Sample 1: To obtain large CeO2 catalyst 
crystals with smooth surfaces, the CeO2 sample previously used in this study was 
sintering at 1050ºC for 4 hours. This procedure produced CeO2 crystals with 
diameters above 100nm. Ethanol was added to a small amount of CB powder and 
the suspension was treaded with ultrasound to separate the CB agglomerates. A 
few droplets of the suspension were added to a small amount of the sintered CeO2. 
The sample was dried and dispersed dryly on a stainless steel TEM grid. Sample 
2: A small amount of the CeO2 sample previously used in this study was 
suspended in ethanol and treaded with ultrasound to separate the CeO2 crystals. A 
few droplets of the suspension were added to a small amount of CB. The sample 
was dried and dispersed dryly on a stainless steel TEM grid. Sample 3: Very small 
CeO2 crystals with diameters of 2-3nm were produced as CeO2 sols according to 
[65]. The suspension was diluted 1:10 by distilled water. A few droplets of the sol 
suspension were added to a small amount of CB powder. The sample was dried 
and treaded heated N2 at 500ºC for one hour. The resulting sample powder was 
dispersed dryly on a stainless steel TEM grid.  

For all samples, the grid was mounted in the Gatan holder and inserted in 
the CM300 microscope. The temperature was ramped after a stable gas pressure 
was obtained. The oxidation temperature was 525ºC for sample 1 and 3. For 
sample 2 the temperature was 300ºC and the technique of removing the beam 
from the area of interest between image recordings was used. For sample 1 and 2, 
the beam current density was kept below 10.000e/nm2s which was found 
sufficiently low to avoid influence of the beam effect on the oxidation kinetics. 
For sample 3 the current density was ~16000e/nm2s to obtain better contrast for 
the very small CeO2 crystals. 

6.3 Preliminary results 

Figure 6.2a-c presents time-elapsed ETEM images of a CB particle in contact 
with a larger CeO2 catalyst crystal (sample 1) during exposure to an oxidizing 
environment. The CeO2 crystal has a well defined smooth surface and the CB 
particle moves towards the catalyst as a function of time. Before recording this 
ETEM image series, the sample was tilted until the angle was found where most 
of the CB particle was visible.  Therefore it is reasonable to assume that the plane 
of the interface is approximately at right angle to the plane of the image. In 
principle this geometry should make is possible to observe the dynamics of the 
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catalyst surface. Especially if a catalyst zone axis is parallel to the optical axis, 
movements of the edges at the catalyst surface could be observed.  
 

   
                       a                                                b                                             c 

Fig. 6.2: High resolution ETEM images of a CB-CeO2 interface during exposure to 
2.0mbar O2 at 525ºC. The time interval between each image is ~1min. Scale bar = 4nm. 

One problem arises when using these large CeO2 crystals: A thick Fresnel fringe 
is un-avoidable when focusing on the CB particles (section 2.2). In this case the 
fringe is ~1nm, which is larger than the distances of the soot carbon layers and 
than the lattice plane distances of CeO2. It is therefore not possible to monitor the 
dynamical changes of interest in these particles even if the zone axis was found. 

It is concluded that the sintering process described gives the CeO2 crystals 
smooth and well defined surfaces, but makes the crystals too large for the 
purpose. Next step in this line of experiments could e.g. be to reduce the effect of 
the sintering process by using lower a sintering temperature or by sintering for a 
shorter time interval. 

When the step edges are difficult to monitor, an alternative approach is to 
monitor the mobility of the catalyst as shape changes of the catalyst crystals. If a 
CeO2 crystal is changing its shape during oxidation, this could indicate that the 
surface is mobile during the oxidation process. Figure 6.3a-b presents time-
elapsed ETEM images of a CeO2 crystal at a CB agglomerate during exposure to 
2.0mbar O2 at 300ºC (sample 2). 

Even though the CeO2 crystal clearly has moved relative to the CB particles, 
it is seen that its shape is stable. This result could be presented as an argument 
against the mechanism illustrated by figure 6.1.3, but it could also be argued that 
the CeO2 crystal in the figure is large compared with the expected small shape 
changes. As we have no model for how the shape of the CeO2 crystal will change 
as a result of mobile step edges, it is difficult to estimate the shape changes of the 
crystal. For this reason it is not obvious whether we should accept or reject this 
argument. It may be beneficial as a next step for this approach, to work out a 
model for how the shape of the catalyst particles should change based on the 
suggested mechanism. Such a model could be a basis for estimating the preferred 
catalyst particle size. 
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Fig. 6.3: High resolution ETEM images of CB-CeO2 interface during exposure to 2.0mbar 
O2 at 300ºC. The time interval between each image is ~50min. Scale bar = 6nm. 

An alternative approach would be to use very small CeO2 crystals because the 
shape changes induced by surface mobility in any case would be easier to monitor 
for small particles than for large. Figure 6.4a presents a TEM image of very small 
CeO2 crystals on a CB particle (sample 3). When using such small particles, the 
challenge is to obtain enough contrast in the images. In an oxidizing environment, 
the CeO2 particles move relative to the CB particle, and here their perimeters are 
typically not well defined in the images (fig. 6.4b). Hence it is difficult to track 
the shape changes. 
 

          
                                       a                                                                b 

Fig. 6.4: (a) TEM image of CeO2 crystals at CB particle. Scale bar = 2nm. (b) ETEM 
image of CeO2 crystals at a CB particle during exposure to 2.0mbar O2 at 525ºC. Scale 
bar = 3nm. 

It must be added that shape changes are also difficult to verify because of the 
projection problem: If the perimeter of a particle is observed to change, this can be 
a result of particle shape changes, but it could also result from particle rotation. It 
may be possible to distinguish between shape changes and rotations e.g. rotation 
can be excluded if a part of the perimeter does not change, but to determine this 
requires a high contrast in the images. 



  52 

6.4  Concluding remarks 

High resolution ETEM is the obvious next step for studying the soot-catalyst 
interface mechanism. Conclusions from earlier TEM and ETEM studies suggest 
possible mechanisms that in principle can be verified today using high resolution 
ETEM. The present preliminary results outline some of the possible approaches 
for high resolution ETEM studies of the interface mechanisms. Monitoring the 
dynamics of catalyst step edges is one approach in such studies. Another is to 
study shape changes of the catalyst particles induced by the surface mobility. The 
use of either large or small particles gives challenges as e.g. Fresnel fringes and 
low image contrast, respectively. Better sample preparations and a model for 
particle shape changes induced by catalyst surface mobility could show profitable 
in future work. 
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7. Chapter 

Beam intensity and 
Temperature measurements 

In dynamical studies it is important to be able to differentiate between the effects 
of the beam and the effects of interest i.e. the oxidation reaction in this case. 
Another important issue is the reliability of the ETEM temperature measurements, 
as most data in the study are obtained using ETEM at elevated temperatures. In 
this chapter these two subjects are treated. 

7.1 Beam intensity 

It is important not to use too large electron beam current densities during the 
oxidation experiments because effects of the electron beam will then be 
comparable with the effect of the oxidation reaction. In most experiments in the 
previous chapters the beam current density was kept below a limit of 
10.000e/nm2s. In this section it is described how this limit was found.  

7.1.1 Experimental details 

An ETEM experiment was carried out where the change of CB diameters was 
studied during exposure to different beam current densities. A series of ETEM 
images was recorded under identical conditions, except that the beam current 
density was varied. To make sure that this experiment is comparable with the 
oxidation experiments described in chapter 5, it was carried out with similar gas 
pressure, temperature and sample i.e. 2.0mbar O2, T = 300ºC and the usual CB-
CeO2 mixture. The relatively low temperature was chosen so that this ETEM 
experiment represents the beam effect rather than the oxidation effect. 

For each beam current density two ETEM images of a CB agglomerate were 
recorded and the agglomerate was in the beam in the intervening time between the 
two image recordings. The diameters of three CB particles with diameters 25-
40nm were measured for each beam current density and for every current density 
new agglomerates was selected for measurements (Only agglomerates exposed to 
the lowest doses were monitored more than once). Because the experiment was 
carried out in an oxidizing environment the last particles measured would be 
affected more by the oxidation than the first. To avoid confusing this effect with 
the effect of the beam, the total duration of the experiment was minimized and 
each agglomerate was in the beam for only five minutes.  

To measure the beam current density, the intensity of the beam was 
measured as the electron dose recorded by the Tietz CCD during the time of 
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exposure. The electron dose can be converted to the electron current density by 
division with the exposure time. While measuring the electron dose, the sample 
was removed from the electron beam.  

7.1.2 Results and discussion 

Figure 7.1 presents the beam effect as the mean change of the CB particle 
diameters as a function of beam current density. The x-axis has a logarithmic 
scale, because the low current density region is easier to see when presented in 
this way. The mean CB diameter change is calculated from the diameters of three 
CB particles. The grey error bars represent statical errors (section 3.10). The black 
error bars represent measuring errors. The 10% error from TEM calibration is not 
included, since the absolute values are not of interest, only the changes in 
diameters are. 

Diameter changes induced by the non-catalytic oxidation reaction can be 
measured if they are larger than the diameter changes induced by the beam. A 
linear fit is added to the figure to mark the observation limit imposed by the beam 
(The linear fit was based on the measuring errors (black)). Horizontal grey lines 
are added to mark the CB diameter shrinkage imposed by non-catalytic oxidation 
at 550ºC and 600ºC based on figure 4.5. It can be concluded that it is important to 
minimize the beam current density. Larger values for the mean diameter change 
appear for beam current densities above 10.000e/nm2s (which corresponds to 
0.16A/cm2), and ETEM experiments with a CB sample should therefore be 
carried out using beam current densities below this limit. 
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Fig. 7.1: The mean CB diameter change as a function of beam current density on a 
logarithmic scale. A linear fit is made through the points in the graph, and horizontal lines 
referring to CB particle shrinkage during non-catalytic oxidation at 550ºC and 600ºC are 
added. 

The cost of minimizing the beam current density in combination with a short 
exposure time can be poor image quality. The relation between image quality and 
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beam current density can be seen in figure 7.2. Here the image quality is 
visualized by TEM images, by a histogram presenting the intensity distribution of 
the background signal and by a value for the signal-to-noise ratio, SNR. 
 

     

0 20 40 60
0.0

0.1

0.2

SNR = 6887

F
ra
ct
io
n

Intensity  
0 20 40 60

0.0

0.1

0.2
SNR = 73801

Intensity  
0 20 40 60

0.0

0.1

0.2
SNR = 118832

Intensity  
                         a                                             b                                             c 

Fig. 7.2: TEM images recorded using different electron current densities, but identical 
exposure times. The image quality is expressed as the intensity distribution in a 
histogram for each image and by the signal-to-noise ratio, SNR. The intensities per pixel 
presented by the histograms are extracted from the marked areas in the TEM images. 

The signal-to-noise ratio is a quantitative measure of the quality of the image, and 
can be calculated using the equation [52]: 
 

7.1      ( )n
n

SNR
var

=
 

 
where n could be the number of incident electrons per pixel, and the variance is 
given as the square of the standard deviation [58]: 
 
7.2         ( ) 2var nn σ=  
 
The signal-to-noise ratio was calculated from each TEM image in figure 7.2. Here 
n is the intensity per pixel measured with Image-Pro discriminating between 60 
intensity levels. The pixels where taken from an area in the image back ground so 
that the distribution only describes the signal and not the sample structure. This 
area is marked for each TEM image in the figure. 
 Figure 7.2 illustrates the general idea, that beam intensity is an important 
parameter concerning the image quality. The precision by which distances can be 
measured depends on the image quality because this determines how well-defined 
the perimeter and other features of the sample particles appear. In this study a 
lower limit for the accepted SNR was not used when recording the TEM images. 
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Instead it was evaluated from time to time, how poor an image quality that could 
be accepted, depending on the measurement. 

7.2 Temperature measurements 

Many results presented in chapter 4 and 5 depend on reliable ETEM temperature 
measurements. This section presents four experiments by which the temperature 
measurements were tested. The first two experiments are carried out to evaluate if 
there are signs of temperature gradients across the TEM grid. The last two 
experiments are carried out to evaluate the absolute temperature of the TEM grid 
and the gas. 

7.2.1 Temperature gradients across the TEM grids 

Large temperature gradients across the TEM grid during the ETEM experiments 
will result in lower oxidation rates in the grid centre (from where the ETEM 
images were recorded) than near the grid edge close to the holder furnace. For two 
reasons it seems reasonable a priori to assume that there is no temperature 
gradient: The TEM grids were made of stainless steel, which is known to be a 
good heat conductor and the dimensions of the grids are small. To further verify 
this conclusion, two experiments were carried out: 1. The colors of TEM grids 
exposed to different temperatures were compared and studied with focus on color 
gradients across the grids. 2. The CB oxidation rate across a TEM grid was 
studied. The two experiments are presented in the following. 
 
7.2.1.1 Experimental details 

A TEM grid of stainless steel was placed in the Gatan 628 holder which was 
inserted in the CM300 microscope. 2.0mbar of O2 was let into the microscope in 
situ cell and the temperature was ramped with a ramping rate of 50ºC/min until a 
pre-specified maximum temperature was reached. The maximum temperature was 
kept stable for ~30min, and hereafter the temperature was ramped down rapidly. 
This procedure was carried out for five different grids, but with different 
maximum temperature, Tmax = 350ºC, 400ºC, 450ºC, 500ºC and 550ºC. The TEM 
grids were afterwards photographed in a light microscope 
 
7.2.1.2 Results and discussion 

After exposure to oxygen at elevated temperatures the stainless steel change color, 
and the color depends on the maximum temperature (fig. 7.3a-e). The colors of 
the five heated grids are clearly distinguished, and this implies that it is possible to 
se a difference in temperature, │T1 – T2│ ≥ 50°C, which is the temperature 
difference between the five grids. A temperature gradient across the grid with a 
similar temperature difference would therefore be visible as a color gradient in the 
five grids. A color gradient across the grids presented in figure 7.3 is however 
hardly visible, and it is concluded, that the temperature difference across the grid, 
if any, must be less than 50°C. 
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                      a                                           b                                                c 

  
                     d                                             e  

Fig. 7.3: Light microscope images of five grids heated in ETEM at 2.0mbar O2 for 30min 
at temperatures (a) T= 350ºC, (b) T = 400ºC, (c) T = 450ºC, (d) T = 500ºC and (e) T = 
550ºC. 

7.2.1.3 Experimental details 

A large amount of CB was dispersed as equally as possible at a stainless steel 
TEM grid. The grid was placed in the Gatan 628 holder which was placed in the 
CM300 in situ box (section 2.5). The experiment was carried out in the in situ 
box, and not in the TEM in situ cell because of the risk of dropping some of the 
large amount of CB in the microscope column. The grid was exposed to 2.0mbar 
O2 and the temperature was ramped with a rate of 50 ºC/min until a maximum 
temperature, Tmax = 600ºC was reached. After a time interval, t, the temperature 
was ramped down rapidly. This procedure was repeated for the same grid three 
times. The TEM grid was photographed in a light microscope before the oxidation 
experiment, and after the time interval, t = 60min, 150min and 330min at the 
maximum temperature. 

In all four images the visible areas of CB on the grid was measured using 
Image-Pro. This software can automatically outline areas with a specific color 
within a specified color range. After outlining the black areas, Image-Pro can 
measure the size of the areas. Area measurements were carried inside a quadratic 
field, and this field was placed at different sites across the grid, resulting in CB 
area measurements at several places across the grid. To carry out the 
measurements, the images first had to be processed since the black areas visible in 
the light microscope images are not simply black, but consist of many colors. The 
images were all processed following this stepwise recipe: 
 
a) A section was cut out and used for the analyses. 
b) Three grayscale images were generated from this section, extracting only 

one of the fundamental colors for each image (red, blue, green).  
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c) The brightness was set to the maximum value (100%). In this way 
everything which is not dark in the image disappears. The contrast in the 
image was set to 70%. The optimized value for contrast was found by a trial 
and error method, and the criteria for choosing the right contrast were that 
as much as possible of the CB, visible in the original image, should be 
visible in the manipulated image, and that nothing but CB should be visible 
in the manipulated image. 

d) The three grayscale images, each representing a fundamental color, was 
added resulting in an image which was mainly white, but with black areas 
representing projected CB areas. 

 
The four images (t = 0min, 60min, 150min and 330min) were treated in exactly 
the same way. 
 
7.2.1.4 Results and discussion 

Figure 7.4a-d presents light microscope images of CB powder on a stainless steel 
TEM grid after exposure to 2.0mbar O2 at 600ºC for a time interval of 0min, 
60min, 150min and 330min. A variety of colors appears on the grid, and these 
colors are probably interference colors varying with the thickness of the oxidized 
layer of the stainless steel grid. The CB powder is visible in the first images, but is 
difficult to see in the last images. This indicates that CB was removed from the 
TEM grid as CO2 and CO during the oxidation experiment. The removal of CB 
seems to take place everywhere on the grid, and this indicates that there is no 
temperature gradient across the grid. 
 

 
                   a                                b                                  c                                 d 

Fig. 7.4: Light microscope images of CB on a stainless steel TEM grid. The grid has been 
exposed to 2.0mbar O2 at 600ºC for a time interval, (a) t = 0min, (b) t = 60min, (c) t = 
150min and (d) t = 330min. 

To verify this indication, the following quantitative analysis of the CB areas was 
carried out. A section from each image was processed by the procedure described 
above. Such a section is marked in figure 7.4b and the result of the procedure is 
presented in figure 7.5 for one image. In this figure a, b, c and d refers to each 
step in the procedure described above. 
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Section cut       red      green    blue          brightness=100%, contrast=70%       result 
       a                                   b                                                c                                      d 

Fig. 7.5: An example of how the section from figure 7.4b is processed so that only areas 
with CB are visible in the result. The letters a-d refers to the process described in section 
7.2.1.3. 

Figure 7.6a-b presents a close up on a small section of an image before and after 
the process. Figure 7.6a illustrates what was meant above, when stating that the 
black areas, visible in the light microscope images, are not simply black, but 
consist of many colors. From the figure it can be concluded that only the darkest 
areas are visible after the image process. 
 

                                 
                                               a                                                     b 

Fig. 7.6: (a) zoom on the image in figure 7.4b and (b) the same area after image 
processing. 

Figure 7.7 presents the total CB area as a function of distance from the TEM grid 
centre. The areas were measured after exposure to 2.0mbar O2 at 600ºC in t = 
0min, 60min, 150min and 330min, and the areas were normalized relative to the 
areas at t = 0min. The figure shows no appearance over time of a CB area gradient 
as a function of distance from the centre. This means that the temperature gradient 
across the grid, if any, is too small to result in noticeable differences in the rate of 
CB oxidation. 
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Fig. 7.7: The normalized area of CB measured across a TEM steel grid as a function of 
distance from the grid centre. The areas were measured after exposure to 2.0mbar O2 at 
600ºC for different time intervals, t = 0min, 60min, 150min and 330min. 

The error bars figure 7.7 reflect the measuring errors, but are calculated 
differently than other measuring errors in this study, since the images are not 
TEM, but light optical microscope images, and since the measured areas in this 
case were not outlined manually. As mentioned, in step c of the image processing, 
the image contrast was set to 70%. The criteria for choosing this contrast value 
was that as much as possible of the CB, visible in the original image, should be 
visible in the processed image, and that nothing but CB should be visible in the 
manipulated image. Setting the image contrast to a different value would result in 
a different visible CB area and the partly subjective choice of contrast value 
therefore generates errors in the measurements.  

The magnitude of this error was estimated as follows: The lowest contrast 
value was found for which all measured areas did shrink over the experiment 
time. For too low contrast values, some of the measured CB areas for t = 60min 
were larger than the same areas for t = 0min. The reason for this is of cause not 
that CB was added to the grid, but that the new colors appearing on the oxidized 
grid was visible as a result of the low contrast value. The lowest usable contrast 
value must therefore be the lowest value for which no CB areas increases as a 
function of oxidation time. This value was found, and is 69% (A value very close 
to the 70% obtained by comparing the images by eyesight!). The areas were 
measured using this contrast value, and the estimated measuring error was 
calculated as the difference between the measured areas using these two different 
contrast values. 

Another measuring error was taken into account: The error of the 
measurement depends on the exact positions of the quadratic field in which the 
CB area measurement was carried out. If the position of the quadratic field is 
slightly shifted, the area measurement may give a different result. To estimate this 
error, measurements for t = 0min were carried out two times. Both times the 
quadratic field was moved across the grid and the total area of CB inside the field 
was measured. The error was estimated as the average difference between these 
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measurements. This error turned out to be less than a tenth of the error induced by 
differences in image contrast value, and is therefore neglected. 

7.2.2 Absolute temperatures 

To evaluate the reliability of the absolute temperature measurements, two 
experiments were carried out. 1. The color of a TEM grid heated in ETEM was 
compared with a grid heated in a TPO experiment. 2. Results from an ETEM and 
from a TPO experiment carried out under similar conditions were compared to see 
if the non-catalyzed CB oxidation takes place with similar rates at the same 
measured temperatures. The two experiments are presented in the following. 
 
7.2.2.1 Experimental details 

A stainless steel TEM grids in was exposed to (a) 2.0mbar O2 in the CM300 in 
situ cell, (b) identical O2 partial pressure, but with a total pressure of 1bar in a 
TPO setup. In both cases the temperature was ramped up and down with 10ºC/min 
and the maximum temperature, Tmax = 450ºC was maintained for 30min. After the 
oxidation experiments, light microscope images was recorded of the TEM grids. 
 
7.2.2.2 Results and discussion 

The colors of the two TEM grids oxidized in an ETEM and a TPO experiment, 
respectably, are roughly identical. The color of the grid from the TPO experiment 
appear slightly darker than the grid from the ETEM experiment (fig. 7.8a-b). This 
indicates that the temperatures of the two grids are roughly identical, but also that 
the ETEM temperatures are slightly lower than the TPO temperatures. It is 
however possible that the color difference is a result of the difference in total 
pressure rather than in temperature, and no conclusive results can be drawn from 
these experiments, except that the temperatures in the two experiments are 
roughly identical. 
 

                         
                                                a                                               b 

Fig. 7.8: Light microscope images of TEM grids after exposure to 450ºC for 30min in (a) 
2.0mbar O2 in the CM300 in situ cell, (b) a partial pressure of 2.0mbar O2 in N2 in a TPO 
setup. 
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7.2.2.3 Experimental 

Three TPO experiments were carried out with the parameters described in table 
7.1. The samples were mixed and prepared similar to the TPO experiments 
previously described. The temperature was ramped until a temperature of 600ºC 
was reached. After this the temperature was ramped down. 
 
Experiment 
number 

Flow 
[Nml/min] 

Ramping 
velocity [ºC/min] 

Partial pressure 
of O2 in N2 mbar] 

Amount of 
sample [g] 

Fraction 
CB/Al2O3 

TPO 1 50 2.0 2.3 0.102 0.11 

TPO 2 50 2.0 2.3 0.097 0.11 

TPO 3 50 2.0 10.0 0.097 0.11 

 Table 7.1: Parameters for the TPO experiments. 

An ETEM experiment was carried out as follows: CB was dispersed on a stainless 
steel TEM grid. The grid was mounted in the Gatan 628 holder which was 
inserted in the CM300 microscope. 2.3mbar O2 was let into the in situ cell and the 
temperature was raised with a ramping rate = 2ºC/min. The temperature was 
ramped until a maximum temperature of 600ºC was reached. After this, the 
temperature was ramped down. Note that these parameters are similar to the TPO 
parameters except for total gas pressure. 

ETEM images of the same area were recorded during the temperature 
ramping which is only possible when combining low magnification with a low 
ramping rate. The beam current density was kept below 2000 e/nm2s, and the area 
of interest was removed from the beam in the time interval between recording 
images. To obtain measurements with sufficient precision, five images were 
recorded at the area of interest for each selected temperature. The diameters of 10 
particles were measured by outlining the particles using Image-Pro and diameters 
of the same 10 particles were measured in all the images. 
 
7.2.2.4 Results and discussion 

CO2 measurements from the three TPO experiments are presented in figure 7.9a 
(CO-production was also measured, but is not presented). As previously observed, 
it is seen that CB is oxidized non-catalytically at temperatures above ~500ºC. The 
partial pressure of oxygen does not change the starting temperature of oxidation, 
but as could be expected, only the amount of CB oxidized per minute. Note that 
the results are reproducible, as the results from TPO 1 and TPO 2 are similar. 

To be able to compare the TPO results with results from the ETEM 
experiment, the diameter change for a CB particle was estimated from the total 
CO2 and CO production in TPO 1 (The CO concentration was measured, but is 
not presented in figure 7.9a). To make this estimate it is necessary to know the 
total CO2 and CO production for a number of temperatures, T. This value was 
obtained by integrating the CO2 and CO concentration curve from temperature, 0 
to temperature, T. The total CO2- and CO values are presented as a function of 
temperature in figure 7.9b. 
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Fig. 7.9: (a) CO2 concentration as a function of temperature from three TPO-experiments 
where CB is oxidized non-catalytically: TPO 1, TPO 2 and TPO 3 with parameters 
described in table 7.1. (b) The total CO2 and CO production (black) is presented as a 
function of temperature for TPO 1. An estimate from the TPO-data of the change in 
diameter of an average size CB particle (grey) is also presented. 

The error bars for the CO2 and CO production in figure 7.9b describes the 
measuring error of the total production at temperature, T and was estimated in the 
following way: It is assumed that below the temperature, T = 350ºC, there is no 
CO2 or CO production. If this is true, the measured values of the production below 
this temperature represent the errors of measurement. The standard deviation of 
10 measuring points below 350ºC was therefore used as an estimate for the 
measuring error. It was assumed that magnitude of the measuring error is the same 
for all temperatures.  

When the values for the total CO2 and CO production at each temperature, 
T, are known, an estimate of the diameter change of a CB particle can be made in 
the following way: It is assumed that the CB particles are made of 100% carbon 
(which is approximately true, see section 3.1). The fraction, f(T) of CB oxidized in 
the TPO experiment at temperature, T is calculated as, 
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where m [g] is total CB mass, Mc [g · mol-1] is the molar mass of carbon,  Vco2(T) 
[ml] and Vco(T) [ml] are the volumes produced at temperature, T of CO2 and CO 
respectably and 22.4 · 103ml is the volume of one mol of gas at T = 0ºC. 

From f(T) the volume, V(T) and the diameter, d(T) of a CB particle at 
temperature T, can be calculated, assuming that the particle shrinks as layer by 
layer of carbon is removed from the outer surface of the sphere, and assuming that 
no internal oxidation in the CB particle is taking place, e.g. in CB particle pores: 
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Here ρ is the density and m0 is the mass of the particle at the starting temperature 
(~20ºC). The mass and the density of a sphere are of course related to each other 
as: 
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where d0 is the particle diameter at the starting temperature. From equation 7.4 
and 7.5 the CB particle diameter at temperature T, d(T) is given as: 
 
7.6             ( ) ( )( ) 3/1

0 1 TfdTd −=  
 
The diameter estimate based on the results from TPO 1 for the mean particle 
diameter is presented in figure 7.9b (grey line). The errors for the estimate 
represent the measuring errors and are calculated from the measuring errors for 
the CO2 and CO production, using the equation for error propagation, equation 
3.4.  
 The normalized values for the mean diameters of 10 CB particles measured 
from ETEM images are presented as a function of temperature in figure 7.11. For 
comparison the estimate based CO2 and CO production in TPO 1 is also presented 
in the figure (grey line). The error bars for the ETEM results represent the 
measuring errors. In this figure the 10% error from the microscope calibration is 
included, so that it is possible to compare the absolute values from the two 
different methods.  
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Fig. 7.11: The normalized mean diameter measured from ETEM images of 10 CB 
particles exposed to 2.0mbar O2 (black). Estimated CB diameter based on CO2 and CO 
production in a TPO experiment (grey). 

The ETEM results agree with the estimates based on the TPO results: Shrinkage is 
observed in ETEM at temperatures, where the estimate from TPO results predicts 
it. This strongly indicates that the temperatures in the two different experiments 
are similar. It is concluded that the measured temperature in the CB oxidation 
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ETEM experiments are reliable provided that the temperatures measured in the 
TPO experiments are reliable.  

It may be noted that the CB particles in the ETEM experiment shrink 
slightly more than predicted by the TPO estimate. An explanation for this can be 
that the model used to describe the shrinkage, is a rough model. It does not take 
into account that the CB particles may be porous and that they consist only 
approximately of 100% carbon (section 3.1). 

7.3 Concluding remarks 

It is concluded that it is important to minimize the beam intensity not to affect the 
CB particle oxidation with the beam, and the current density should always be 
kept under a limit of ~10.000e/nm2s. It was noted that low beam intensity 
compromise the image quality. 

It is concluded that temperature measurements in ETEM under the 
presented conditions are reliable: By comparison of TEM grid colors after 
oxidation, it was shown that any temperature differences at the TEM grids must 
be less than 50°C. By measuring the amount of soot oxidized at different areas 
across the grid, it was shown that the temperature gradient, if any, was too small 
to result in noticeable differences in the rate of soot oxidation. Comparing the 
color of a grid heated in TPO with one heated in ETEM suggested only rough 
temperature similarity, but by comparing an estimate of the change in the CB 
particle diameters based on TPO results with the measured diameter changes in 
ETEM, it could be verified that the temperatures in the two different experiments 
are similar. 

However, a qualified estimate for the measuring error of the temperature 
was not provided by any of the experiments mentioned above. For this reason no 
horizontal error bars are presented on the graphs representing the error of 
temperature measurement. The activation energy barrier for CeO2 catalyzed CB 
oxidation, arrived at in chapter 5 should be corrected for this error if it was 
known. 
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8. Chapter 

 

Summary 

Environmental Transmission Electron Microscopy (ETEM) was used to obtain in 
situ observations of catalyzed soot oxidation at the nano-scale. A carbon black 
was used as model soot, and the catalyst is CeO2. 

It was demonstrated that the soot agglomerates move relative to the catalyst 
during catalytic oxidation. This motion was always towards the catalyst, which 
means that the soot-catalyst interface was re-established in the course of the 
oxidation process. It was demonstrated that the motion is initiated by the catalytic 
oxidation process, as the soot remained stable relative to an inert material and as 
the soot remained stable relative to the catalyst when exposed to N2 instead of O2. 
Furthermore, it was demonstrated that the soot particles shrink during non-
catalytic oxidation, but not during catalytic oxidation. This result was obtained 
from two different techniques: 1. Analysis of TEM images of soot particles before 
and after catalytic and non-catalytic oxidation in temperature programmed 
oxidation. 2. Analysis of ETEM images recorded during catalytic and non-
catalytic soot oxidation. This means that the oxidation effect resulting from the 
catalytic oxidation reaction can be distinguished from the effect of the non-
catalytic oxidation reaction. 

All these results indicate that different oxidation mechanisms control 
catalytic and non-catalytic soot oxidation. Specifically, the results indicate that the 
catalytic oxidation reaction involves processes confined to the soot-catalyst 
interface region, while the reaction centers for non-catalytic oxidation are wide-
spread distributed on the surface of the soot agglomerates. 

The relative soot-catalyst motion was further analyzed, and it was found that 
the motion was linear as a function of time. The soot-catalyst velocity depends on 
the oxidation temperature and of the catalyst material. This means that catalytic 
effect can be measured quantitatively using ETEM. A value for the apparent 
activation energy of CeO2-catalyzed soot oxidation was obtained, and it was noted 
that the value agree with previously reported values. That value for apparent 
activation energy, based on the relative soot-catalyst motion, agree with values 
based on other techniques, confirms that the catalytic oxidation reaction can 
sufficiently be explained by the soot-catalyst interface mechanism.  

Regarding the physical contact between soot and catalyst, it was noted that 
the value for apparent activation energy agrees better with the tight contact values 
than with the loose contact values. This result was expected. Tight contact 
mixtures usually results in lower values for the apparent activation energy than 
loose contact mixtures, and the ETEM experiment represent what could be 
regarded as the perfect tight contact conditions, since only soot agglomerates in 
contact with the catalyst are selected for measurements. 
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It was found that the effect of the non-catalytic oxidation reaction is 
negligible compared with the effect of the catalytic oxidation for temperatures up 
to 600ºC. For this reason the non-catalytic effect can not interfere significantly 
with the quantitative analysis. 

A comparison of particle shrinkage measured in ETEM with and estimate 
based on temperature programmed oxidation showed that the soot particles shrink 
as expected from the estimate. This result shows that the temperatures measured 
in the microscope are reliable. The result confirms that the ETEM results in this 
study are comparable with results obtained from other techniques. 

The obvious next step for a study of catalytic soot oxidation is high 
resolution ETEM experiments of the soot-catalyst interface. Preliminary result 
from such was presented. These were however not conclusive, and more 
experiments must be made before the suggested models for the soot-catalyst 
interface mechanism can be confirmed or rejected. 
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Appendix 

A: Calculating mass-thickness contrast 
In this appendix it is shown how the mass-thickness contrast for a spherical CB 
particle can be calculated. The mass-thickness contrast is given as, 
 
A.1                ( )tQC ∆−−= exp1  
 
where Q is the total elastic scattering cross section. To calculate C it is therefore 
necessary to calculate Q, which is given as,  

A.2             ρ
σ

M

N
Q 0=  

 
Where N0 is Avogadro’s number, ρ is the density of the CB particle, M is the 
molar mass of carbon and σ is the scattering cross section per atom. According to 
literature the soot density is ρ = 2.0 - 2.1g/cm3 [13,18] and is set to ρ = 2.1 g/cm3 
in this calculation. A σ-value for carbon can be estimated from σ-values for some 
other elements in the following way: A straight line is fitted to known σ-values as 
a function of atom number, Z (fig. A.1). The σ-value for carbon was calculated 
using the equation for the linear fit. The calculations results in the value Q = 187 · 
103cm-1 for CB. 
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Figure A.1: Measured values for the scattering cross section per atom, σ presented as a 
function of atom number, Z. The values are taken from the literature [53]. A linear fit is 
made through the data points and the equation of the linear fit is inserted in the figure. 

Assuming that the CB particle is spherical with radius, R, the following equation 
describes the particle in two dimensions: 
 
A.3                   

222 Ryx =+  

 
If the y-axis is parallel to the optical axis, the thickness is given as: 
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A.4                      
2222 xRyt −==∆  

 
The mass-thickness of a spherical soot particle is now given from equation A.1 
and A.4: 
       

A.5         ( ) 2221 xRQexC −−−=  
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B: Temperature programmed oxidation 
Temperature programmed oxidation (TPO) is a technique in which the oxidation 
is monitored while the oxidation temperature is stable or linearly in- or decreased. 
Typically the concentration of reaction products are measured e.g. CO2 and CO. 
 
Experimental setup 

In this study, TPO experiments were carried 
out in a plug flow reactor with a diameter of 
6mm. The sample was placed between two 
quartz beds. The reactor was placed in a 50cm 
long tube furnace (Haldor Topsøe A/S) and 
the sample bed was situated in the center of 
the furnace. The height of the sample bed was 
~3mm. This is a small distance compared 
with the length of the tube furnace, and 
therefore no temperature gradient down 
through the sample bed is expected. 

The temperature was controlled by a 
Eurotherm 91e control box, which was 
programmed to ramp the temperature until a 
specified maximum temperature was reached. 
Hereafter, the temperature was kept stable 
until the ramping down was manually 
initiated. The same rate was used for ramping 
up and down.  
 Two flow meters (Brooks 5850 TR) 
were used to control the gas flow through the 
reactor. One controlled the flow of N2 
evaporated from a liquid source. The other 
controlled the flow of 1% O2 premixed in N2 
(Air Liquid). The reactor and sample was 
flossed for ~10min in N2 before the premixed 
gas was added. The flow from each flow meter was adjusted to give 0.2% O2 in 
N2 before the temperature was raised. 

The temperature was measured with a thermocouple in the reactor at a 
distance ~10mm below the sample bed. The concentration of CO2 and CO was 
measured by a Binos 1 dual channel infrared sensor (Leybold-Heraeus GmbH). 
The Binos sensor was calibrated with a premixed calibration gas with 1% CO and 
1.5% CO2 (Air Liquid). All measurements (temperature and gas concentrations) 
were transferred to a PC and collected by the Lab View based software HT-DAQ 
(Haldor Topsøe A/S). 
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Supplementary materials 

A: ETEM movies 
Three ETEM movies are found on the attached CD. Details on the movies are 
given here: 

S_figure4-3: ETEM movie of a CB agglomerate at a stainless steel TEM grid 
bar during exposure to 2.0mbar O2 at 550ºC. The frames are recorded 
consecutively with intervening waiting time of ~3min and the frame rate is 
10frames/sec. 

S_figure5-5: ETEM movie of CB agglomerates in contact with CeO2 and with 
the stainless steel grid bar during exposure to 2.0mbar O2 at 600ºC. The 
frames are recorded consecutively with intervening waiting time of ~1sec, 
and the frame rate is 10frames/sec. 

S_figure5-9: ETEM movie of CB-CeO2 during exposure to 2mbar O2 at 
500ºC. The frames are recorded consecutively with intervening waiting time 
of 12.5sec, and the frame rate is 10frames/sec. 

 
 
 

B: Publications 
Two publications were produced and submitted for publication during this study. 
They present the main findings of this study.  

“Ceria-catalyzed Soot Oxidation studied by Environmental Transmission 
Electron Microscopy” by S. B. Simonsen, S. Dahl, E. Johnson and S. Helveg 
is submitted for publication in Journal of Catalysis as a Priority 
Communication. 

“Direct observations of CeO2-catalyzed soot oxidation at the nano-scale 
using environmental transmission electron microscopy” by S. B. Simonsen, 
S. Dahl, E. Johnson and S. Helveg is accepted for publication as conference 
paper at the Society of Automotive Engineering 2008 World Congress. 
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C: Resumé på dansk 
 
Udstødningsgassen fra dieselmotorer indeholder sodpartikler som bl.a. mistænkes 
for at være kræftfremkaldende. Derfor stilles der i EU og på verdensplan stadig 
skrappere krav til reduktionen af sodpartikler i udstødningsgassen fra dieselbiler. 
Det har medført udvikling af partikelfiltre som i dag er i stand til at filtrere tæt på 
100% af sodpartiklerne. Udfordringen i dag ligger i at blive i stand til at 
regenerere disse filtre på en billig og miljøvenlig måde. En oplagt strategi er at 
oxidere soden katalytisk, og derfor har der i de senere år været en stigende 
interesse for katalytisk sodoxidation. 
 I dette projekt undersøges katalytisk sodoxidation ved hjælp af In Situ 
Transmissions Elektron Mikroskopi. Med denne teknik kan sod og katalysator 
afbilledes på nanoskala mens systemet udsættes for et moderat gastryk og hævede 
temperaturer. Det betyder at den katalytiske reaktionsdynamik kan betragtes på 
nano-skala mens reaktionen forløber. Tidligere studier har eksempelvis været 
baserede på målinger af den totale CO2/CO-produktion som funktion af 
temperaturen eller på elektronmikroskopibilleder af sod før og efter en oxidation. 
Så vidt forfatteren ved, er katalytisk sodoxidation ikke før blevet afbilledet på 
nanoskala in situ. Det er derfor et mål for denne undersøgelse at kunne bidrage 
med ny viden om reaktionsmekanismen for katalytisk sodoxidation.  

I denne undersøgelse bruges CeO2 som katalysator fordi CeO2 i tidligere 
undersøgelser har vist lovende egenskaber i forbindelse med sodoxidation. I stedet 
for rigtig sod fra en dieselmotor bruges stoffet Printex U som model for sod. Det 
er nemlig svært at finde en god standart for rigtig sod da sodens egenskaber 
afhænger af for eksempel motorbelastning, fart og temperatur. Printex U bruges 
ofte som standart, fordi den i hovedtræk er identisk med rigtig diesel sod. 

Her beskrives undersøgelsens vigtigste resultater: 
Undersøgelsen viser at soden bevæger sig i retning med katalysatoren mens 

den katalytiske oxidation forløber. Dette viser at sod og katalysator er i stand til at 
reetablere deres fælles kontaktflade mens reaktionen forløber. Reetableringen er 
så at sige en del af selve reaktionsmekanismen. Det er interessant fordi det ud fra 
makroskopiske målinger normalt antages at det totale kontaktfladeareal mellem 
sod og katalysator reduceres mens reaktionen forløber. Den antagelse kan 
naturligvis stadig være korrekt, men dette resultat viser at kontaktfladen ikke 
reduceres fordi de enkelte sodpartikler mister kontakten til katalysatoren som 
resultat af oxidationsmekanismen. Bevægelsen mellem sod og katalysator er også 
interessant fordi den antyder at selve oxidationen af kulstof foregår ved 
kontaktfladen. Denne antagelse blev bekræftet ved at påvise at sodpartikler ikke 
skrumper i diameter under katalytisk oxidation, sådan som de gør under ikke-
katalytisk oxidation. Det konkluderes derfor at den katalytiske sodoxidation 
foregår i eller få nanometer fra kontaktfladen mellem sod og katalysator. Omvendt 
konkluderes det for den ikke-katalytiske oxidation at denne foregår spredt i et 
større antal områder på overfladen af sodpartiklerne. For den katalytiske oxidation 
kan man forestille sig flere forskellige mekanismer der kan forklare hvad der sker 
i kontaktfladen. Det må dog gælde at kulstof fjernes fra kontaktfladen som CO2 og 
at der dannes ny kontaktflade mellem sod og katalysator. 
 Der er blevet foretaget en kvantitativ analyse af de dynamiske forhold ud fra 
billeder optaget in situ, og analysen viser sig at der kan dannes et Arrhenius plot 
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fra målinger af sodens gennemsnitshastigheder mod katalysatoren ved forskellige 
temperaturer. Den værdi for tilsyneladende aktiveringsenergi som opnås fra 
analysen er i god overensstemmelse med værdier fra litteraturen. Fordi der i denne 
analyse kun måles på sod der har direkte kontakt til katalysatoren, og ikke på et 
gennemsnit, forventes det at den målte aktiveringsenergi skal være i bedre 
overensstemmelse med værdier fra målinger fra prøver med en høj grad af kontakt 
mellem sod og katalysator end med målinger med lav grad af kontakt. Dette viste 
sig at være tilfældet. 
 Det næste naturlige skridt i en undersøgelse af sodoxidation ved hjælp af In 
Situ Transmissions Elektron Mikroskopi er at afbillede kontaktfladeområde under 
oxidation ved høj opløsning. I nærværende undersøgelse præsentes resultaterne 
fra en række forstudier. Disse må dog netop ses som forstudier idet de ikke giver 
konklusive resultater angående oxidationsmekanismen i kontaktfladen. Det vil 
derfor være nødvendigt med flere studier i fremtiden for at kunne afgøre præcis 
hvilken mekanisme der gør sig gældende i kontaktfladen mellem sod og 
katalysator. 
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